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ABSTRACT 
 
 Structures that have non-coincident centers of mass and stiffness are referred to as plan-
irregular structures. Such structures could be highly vulnerable to earthquake damage due to 
torsional response. Thus, the structural design of plan-irregular structures requires advanced 
seismic assessment and design guidelines which address torsional effects. This study aims to 
provide advanced and improved seismic assessment and design guidelines for plan-irregular 
structures. Furthermore, this study aims to develop an integrated seismic assessment and design 
framework by which reliable and effective seismic designs for plan-irregular structures can be 
created. 
 In order to develop advanced seismic assessment guidelines, this study extensively 
investigates the inelastic torsional response of reinforced concrete structures, both regular and 
irregular in plan. The concept of “kinematic eccentricity” is introduced, which is the eccentricity 
that arises from inelastic deformations even when the original structure is perfectly symmetric. In 
contrast to previous research, this study evaluates seismic torsional response through temporal 
eccentricity variation. In order to obtain the instantaneous location of the center of resistance in 
the inelastic range, an inelastic stiffness evaluation method for lateral load-resisting members is 
proposed. By utilizing this method, it is observed that the maximum eccentricities occur when 
one or a few of the lateral load-resisting members yield. Also, the observed maxima of the 
temporally-varying distances between the centers of mass and stiffness are shown to be higher 
than the design accidental eccentricities in current seismic codes. The latter observation supports 
the notion that the current provisions considerably underestimate the seismic torsional response 
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of plan-regular and -irregular structures. Accordingly, it is recommended to utilize a percentage 
increase in eccentricity due to inelastic response even when structures have a regular plan. 
 Based on the cumulative knowledge from the inelastic analyses presented, improved 
seismic design guidelines for irregular structures are proposed. Whereas design eccentricities 
adopted by current seismic design codes only use initial stiffness eccentricity in their calculation, 
which is adequate only for the elastic response range defined when the lateral load-resisting 
members remain intact, this study proposes to utilize transient eccentricities. The latter is defined 
when one or a few of the lateral load-resisting members yield. To validate the proposed method, 
inelastic dynamic response-history analyses, equivalent lateral force analyses with code-defined 
eccentricities, and proposed static analyses with transient eccentricities are conducted. A 
comparison of the results proves the validity and superiority of the proposed method. 
 Lastly, an integrated seismic assessment and design framework for plan-irregular 
structures is proposed and developed. To achieve a seamless interaction between analysis and 
design, an advanced bi-directional link interface is developed between Revit Structure from 
Autodesk, one of the innovative Building Informational Modeling (BIM) software packages, and 
ZEUS-NL from Mid-America Earthquake (MAE) Center, one of the most advanced structural 
analysis packages. This interface is referred to as “advanced” since it provides the functionality 
of exporting and updating, with various options, non-structural as well as structural components. 
Also, a torsional response prediction tool, which provides guidance for assessment and design 
that addresses damaging torsional effects, is developed. Finally, the feasibility of the proposed 
framework is demonstrated via a pilot implementation. 
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CHAPTER 1  
INTRODUCTION 
 
 
1.1 Background 
 Structures that have non-coincident centers of mass and stiffness are referred to as plan-
irregular structures. Such structures are in general more vulnerable than their regular 
counterparts. However, structures are often designed to have irregular and complex 
configurations for aesthetic or functional reasons. Even with plan-regular structures, which are 
preferred in current seismic practice, torsional response can occur for various reasons such as 
inelastic behavior and uneven yielding of lateral load-resisting members, randomness in the 
spatial distribution of the loads, non-uniform ground motion along the foundation of the structure, 
and rotational components in ground motion. Hence, all real structures experience torsional 
oscillations to some degree during earthquakes. 
 Due to torsional response, the structural design of irregular structures requires advanced 
and stringent seismic assessment and design guidelines. Consequently, it usually needs more 
iterative assessments and adjustments. However, in the traditional structural design process, 
consistency between design and analysis is not guaranteed; rather, manual efforts are required to 
keep them in sync. Thus, it is challenging to achieve a reliable and efficient design for irregular 
structures. To deal with the inherent deficiency that compromises reliability and efficiency, this 
study proposes an integrated seismic assessment and design framework, by which a seamless 
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interaction can be guaranteed between the structural design and analysis processes. Furthermore, 
this study develops more advanced and improved guidelines for seismic assessment and design, 
in order to achieve better and more effective seismic designs for plan-irregular structures. 
 
 
1.2 Objectives and Scope of Research 
 The main objective of this doctoral research is to develop an integrated seismic 
assessment and design framework for plan-irregular structures, by which more reliable and 
effective seismic designs for plan-irregular structures can be created. Toward this end, this study 
provides advanced and improved seismic assessment and design guidelines for plan-irregular 
structures. To achieve this goal, the following tasks and subtasks were identified and completed: 
 Task 1: Conduct a comprehensive literature review 
o Investigate the actual damage to structures due to torsional effects during past 
earthquakes 
o Review previous researches investigating the seismic torsional response of plan-
irregular structures, both analytical and experimental 
o Analyze torsional provisions in various international seismic design codes 
 Task 2: Evaluate the inelastic seismic response of plan-irregular structures 
o Develop detailed inelastic models for single- and multi-story structures 
o Select an ensemble of ground motions, involving rotational components which has 
been ignored in engineering practice 
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o Develop a method for evaluating the inelastic stiffness of the lateral load-resisting 
members so that the eccentricity variation during an earthquake event can be 
examined 
o Develop a method which can predict the maximum value of the eccentricity variation 
during an earthquake event 
o Conduct a series of inelastic dynamic response-history analyses 
o Interpret the results 
o Validate the proposed methods 
o Evaluate the effects of rotational ground motion 
 Task 3: Propose seismic design code modifications/improvements 
o Identify the problems of the torsional provisions in the current seismic design codes 
o Investigate the implications of the analytical study of the seismic response of plan-
irregular structures 
o Propose new design eccentricities 
o Demonstrate the feasibility of the proposed method by comparing the results obtained 
from its eccentricity, as well as from that of the current standard design 
 Task 4: Develop an integrated seismic assessment and design environment by linking a 
well-known Building Information Modeling (BIM) software package, Revit Structure 
from Autodesk, with an advanced dynamic analysis software package, ZEUS-NL from 
Mid-America Earthquake (MAE) Center 
o Investigate the state of the art of the Building Information Modeling (BIM) tools, and 
select the BIM software package to be used 
o Develop a communication module between Revit Structure and ZEUS-NL 
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o Develop a torsional response prediction tool 
o Develop an integrated seismic assessment and design framework for plan-irregular 
structures 
o Demonstrate the feasibility of the proposed framework by undertaking a pilot 
implementation 
 
 
1.3 Organization of Dissertation 
 The dissertation has three main parts, namely, (i) seismic assessment of plan-irregular 
structures, (ii) seismic design of plan-irregular structures, and (iii) integration of seismic 
assessment and design. For presentation purposes, the dissertation is structured in six chapters. 
Summaries of the contents of these chapters are given hereafter. 
 Chapter 1 introduces the background, objectives and scope of this research. 
 Chapter 2 presents a literature review related to the research. This chapter reports 
observed damage from structural irregularities in past earthquake events, reviews previous 
research on the seismic response of plan-irregular structures, and presents torsional provisions in 
seismic code regulations. 
 Chapter 3 discusses the inelastic seismic response of plan-regular and -irregular 
structures, and develops an advanced seismic assessment guideline for plan-irregular structures. 
Inelastic torsional responses of single- and multi-story reinforced concrete structures during 
earthquake events are evaluated through eccentricity variation, which is feasible using a 
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proposed method for evaluating the temporal inelastic stiffness of the lateral load-resisting 
members. 
 Chapter 4 focuses on the development of an improved guideline for the seismic torsional 
design of plan-irregular structures. The problem of the design eccentricities adopted in the 
current codes is indicated, and new effective design eccentricities are proposed. 
 Chapter 5 concentrates on the development of the integrated seismic assessment and 
design framework for plan-irregular structures proposed in this study. This chapter introduces the 
concept of the integration of the structural design and analysis processes, and proposes an 
integrated seismic assessment and design framework especially for plan-irregular structures. An 
advanced bi-directional link interface between Revit Structure and ZEUS-NL and a torsional 
response prediction tool are developed. The feasibility of the proposed framework is 
demonstrated via a pilot implementation. 
 Chapter 6 concludes the dissertation with a summary of the findings and conclusions 
drawn from the various chapters, and a discussion of future research requirements. 
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CHAPTER 2  
LITERATURE REVIEW 
 
 
2.1 Introduction 
 In irregular structures, the center of mass, through which earthquake-induced inertia 
forces are applied, does not coincide with the center of stiffness, through which reaction forces 
generated by lateral load-resisting members act. The torsional vibration generated by eccentricity 
between the centers of mass and stiffness can lead to a considerable increase in deformation 
demand, causing significant damage. In fact, damage to structures due to torsion has been 
commonly observed during many past earthquakes (Ellingwood, 1980; Rosenblueth and Meli, 
1986; Wyllie et al., 1986; Anderson, 1987; Bertero, 1997; Elnashai et al., 2005, 2008, 2010). For 
this reason, understanding of the seismic torsional response of irregular structures has been a 
subject of interest for many researchers. 
 The goal of this chapter is to provide background knowledge related to this study. 
Hereafter, this chapter explores evidence of actual damage to structures due to torsional effects 
during past earthquakes, reviews analytical and experimental studies conducted to investigate the 
seismic torsional response of plan-irregular structures, and presents torsional provisions in 
seismic code regulations. 
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2.2 Evidence of Damage to Irregular Structures 
 Damage to irregular structures caused by asymmetry in plan and elevation has been 
observed during many major and minor earthquakes. First, plan irregularity driven by non-
coincident centers of mass and stiffness in a structure causes torsional vibration with respect to 
the center of stiffness, resulting in severe damage to structural components in the more laterally 
flexible regions of the structure. The building in Figure 2.1 shows well this kind of damage to a 
three-story reinforced concrete building from the Miyagi-Ken-Oki (Japan) earthquake in 1978. 
Here, because of the existence of a stiff wall, the center of stiffness moved toward it. Then the 
building twisted with respect to the center of stiffness due to the torsion generated by the 
eccentricity between the centers of mass and stiffness, and, as a result, the columns along the 
periphery far from the wall were severely damaged. The Ministry of Culture building in Figure 
2.2 also suffered from torsional response during the Haiti earthquake in 2010. It experienced 
torsional response due to the existence of a stiff core area on one side of the building, and lateral 
load-resisting members far from the center of stiffness were severely damaged. Failure of these 
members pulled the whole story down, leaded to the total collapse of the building. Similarly, the 
six-story reinforced concrete hotel in Guatemala City in Figure 2.3 had irregularity in its plan 
due to the eccentric location of a rigid service core area, and was severely damaged during the 
Guatemala earthquake in 1976. Again, the columns on the flexible side failed to resist the shear 
force increased due to the torsion, caused second story of the building to collapse (indicated by 
blue arrows in the figure). Besides, severe damage or collapse of the structures with asymmetric 
layouts of lateral load-resisting members were reported to be attributed to torsional effects by 
Wyllie et al. (1986), Anderson (1987) and Elnashai at el. (2010). 
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(a) Overall view of damage to three-story reinforced concrete building 
 
(b) Damage to the column along the periphery far from the wall 
Figure 2.1  Damage from irregularity during 1978 Miyagi-Ken-Oki (Japan) earthquake, 
after: (Ellingwood, 1980) 
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(a) Overall view of damage to Ministry of Culture building 
  
(b) Damage on the flexible side (c) Damage on the stiff side 
Figure 2.2  Damage from irregularity during 2010 Haiti earthquake, courtesy of: (Mid-
America Earthquake Engineering Center, University of Illinois at Urbana-
Champaign) 
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(a) Overall view of damage to a hotel terminal in Guatemala City  
 
(b) Collapse of second story due to shear failure of columns 
 
(c) Close-up of one of the collapsed columns 
Figure 2.3  Damage from irregularity during 1976 Guatemala earthquake, 
after: (Bertero, 1997) 
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 Second, irregularity in elevation causes soft story failures, which is one of the most 
common types of damage to irregular structures. Generally, vertically irregular structures have 
one story weaker than the others, resulting in the so-called “soft story”. In many cases, 
commercial or residential buildings have a soft story at the ground floor because this floor is 
commonly designed to have large openings for different use such as parking space. In Figure 2.4, 
the first story was used as a parking lot. In comparison with the massive second and third stories, 
first story was very weak. This figure shows the typical failure mode of a building with soft story. 
Figure 2.5 also shows damage due to the soft story development at the first and intermediate 
stories in reinforced concrete structures during the 1995 Kobe (Japan) earthquake. Also, 
collapses of structures caused by the soft story were reported during the 2010 Maule (Chile) 
earthquake (Elnashai et al. 2010). 
 Statistically, structural irregularities have been a major cause of the failure or collapse of 
structures in past earthquakes. Table 2.1, prepared by Rosenblueth and Meli (1986) shows 
statistics on causes of building failure in the most severely stricken part of the Mexico City 
during the 1985 earthquake. This table indicates that 15% of the severely damaged buildings 
were irregular structures having possessed asymmetry in stiffness. However, corner buildings 
could be also classified as irregular structures because they had solid walls perpendicular to the 
adjacent streets and walls with window openings parallel to the streets, resulting in non-
coincident centers of mass and stiffness (Scholl, 1989). Thus, actually more than 40% of the 
buildings that suffered severe damage or collapse in Mexico City during the 1985 earthquake 
were plan-irregular structures. 
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(a) Soft story collapse of reinforced concrete structure 
 
(b) Damaged columns and crushed cars at the first story 
Figure 2.4  Damage from irregularity during 2007 Pisco-Chincha (Peru) earthquake, 
after: (Elnashai at el., 2008) 
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(a) Collapse of first story 
 
(b) Collapse of intermediate story 
Figure 2.5  Damage from irregularity during 1995 Kobe (Japan) earthquake, 
after: (Elnashai and Di Sarno, 2008) 
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Table 2.1  Causes of failure during 1985 Mexico earthquake, after: (Rosenblueth and Meli, 
1986) 
Characteristic Observed Percent of Cases 
Pronounced asymmetry in stiffness 15 
Corner building 42 
Weak first story 8 
Short columns 3 
Excessive mass 9 
Previous differential settlement 2 
Unsatisfactory foundation performance 13 
Pounding 15 
Previous earthquake damage 5 
Punching in waffle slabs 4 
Upper story failure 40 
Intermediate story failure 40 
 
 
2.3 Analytical Investigations 
 With much observed damage caused by torsional irregularities during past earthquakes, 
the seismic torsional response of irregular structures has been extensively investigated by many 
researchers throughout the last few decades, including Chandler (1986, 1991, 1993, 1994, 1995, 
1996, 1997), Chopra (1991, 1995), Fajfar (2004, 2005), Tso (1973, 1985, 1986, 1989, 1990, 
1994), and Anagnostopoulos (2000, 2003, 2004, 2005, 2010). Particularly, inelastic torsional 
response of plan-irregular structures has been of great interest because plan irregularity is one of 
the major causes of the severe damage or collapse (Rosenblueth and Meli, 1986). There has been 
concurrent research with this interest, including some reviews of those studies (Rutenberg, 2002; 
De Stefano and Pintucchi, 2008). 
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 However, in spite of intensive study, there is still a lack of understanding of the inelastic 
seismic response of plan-irregular structures due to the complex nonlinear coupling between 
lateral and torsional responses. Indeed, studies show many conflicting results. Since in most 
cases maximum lateral displacement of irregular structures does not occur simultaneously with 
the maximum rotation (e.g. Faella and Kilar, 1998), the effective contribution of torsion can 
significantly differ depending on how the lateral and rotational motions contribute to the global 
response. This fact explains how some results could be very different from each other. Also, 
regarding the effect of ground motion intensity, many researchers report that as it increases, 
torsional response first moderately increases and then decreases. The initial increase can be 
related to the increase of the eccentricity between the center of mass and the center of stiffness, 
due to the yielding of some lateral load-resisting members in the structure (e.g. De La Llera and 
Chopra 1995). 
 Interestingly, some studies have questioned the validity of these findings, while most 
previous research relies on overly simplified models such as single-story, three degrees of 
freedom, shear-beam type models. Stathopoulos and Anagnostopoulos (2003, 2004, 2005, 2010) 
claim that it is possible that more detailed models could change the results both qualitatively and 
quantitatively. 
 In most previous research, the seismic torsional response of plan-irregular structures has 
been evaluated by seismic deformation demand such as the maximum inter-story drift or 
ductility. However, because deformation is affected by both lateral and torsional responses, it is 
challenging to evaluate the pure torsional effect itself. Therefore, instead of deformation, the 
eccentricity between the center of mass and the center of stiffness, which correlates directly to 
torsional motion, can be more effective in evaluating the torsional effect in plan-irregular 
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structures during earthquakes. Additionally, variation of eccentricity observed during an 
earthquake event can provide further information reflecting the effective contribution of torsion. 
 
 
2.4 Experimental Investigations 
 In view of a lack of experimental research on the coupled lateral-torsional response of 
irregular structures, a few research studies have been conducted on the issue (e.g. Ghobarah et al., 
2005; Negro et al., 2005; Jeong and Elnashai, 2005; De-la-Colina et al,. 2007). 
 Negro et al. (2004) conducted bi-directional pseudo-dynamic tests on a real-size, plan-
irregular three-story frame structures. This research was carried out at the European Laboratory 
for Structural Assessment (ELSA) of the Joint Research Centre (JRC) in Ispra, Italy, under the 
auspices of the European Union (EU) project Seismic Performance (Jeong, 2005). The test data 
were presented with a particular focus on highlighting torsional effects in the seismic response of 
the specimen. 
 In addition, recent research studies by De-la-Colina et al. (2007) tried to quantify 
appropriate amplification factors used for torsion in the design of structures. Eight simple single-
story, torsionally unbalanced steel frame structures were tested at several excitation levels in 
both elastic and inelastic ranges of behavior. The researchers found that, for normalized 
eccentricities greater than 2.5% with respect to the plan dimensions, the amplification factor for 
the primary design eccentricity could be between 2 and 3, which was significantly different from 
the codified amplification factor of 1. 
 
 17 
2.5 Torsional Provisions in Seismic Design Codes 
 Most of the current seismic design provisions require the consideration of torsional 
effects by adopting design eccentricities, which take into account both inherent and accidental 
sources of torsion. Inherent eccentricity is defined as the initial distance between the centers of 
mass and stiffness of a structure in the plan, while the accidental eccentricity generally accounts 
for factors such as a difference between the computed and actual values of the mass and stiffness, 
an unpredictable spatial distribution of load, and an effect of the rotational component of the 
ground motion, which is usually ignored in seismic design practice. 
 In most seismic design codes, the design eccentricities (   ,     ) are obtained by 
superimposing the inherent eccentricity (the distance between centers of mass and stiffness), 
possibly multiplied by a coefficient (an amplification factor   for members on the flexible side 
and a reduction factor   for members on the stiff side) and the accidental eccentricity, computed 
as a percentage of the plan dimension perpendicular to the seismic action: 
           (2.1) 
           (2.2) 
where    is the inherent eccentricity,   is the floor dimension, and  ,   and   are the coefficients 
specified in various design codes. The two different design eccentricities    ,     are referred to 
as primary and secondary design eccentricity, used for designing of lateral load-resisting 
members located on the flexible and stiff sides respectively. 
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2.5.1 IBC and ASCE/SEI 7 
 According to 2009 IBC (International Building Code) which refers to ASCE/SEI 7-05 
(American Society of Civil Engineers/Structural Engineering Institute Standard 7), the design 
torsional moment at a given story is defined as the moment resulting from inherent eccentricities 
between the applied design lateral forces at the levels above the story and the lateral load-
resisting members in the story, plus an accidental torsion. The accidental torsional moment is 
determined by displacing the mass a distance equal to 5% of the plan dimension. Torsional 
irregularity is considered to exist when the maximum story drift, computed including the 
accidental torsion, at either end of the structure is more than 1.2 times the average of the story 
drifts at the two ends of the structure. In such a case, the torsional effects need to be reassessed 
by increasing the accidental torsion at each level with an amplification factor    between 1 and 3, 
determined from the following formula: 
        (
    
       
)
 
     (2.3) 
where      is the maximum displacement at level   and      is the average of the 
displacements at the extreme points of the structure at level  . 
 The primary design eccentricity     and secondary design eccentricity    , adopted in 
IBC 2009 and ASEC 7-05, are  
                  (2.4) 
                  (2.5) 
where    is the inherent eccentricity between the centers of mass and stiffness, and   is the plan 
dimension perpendicular to the seismic action considered. In both design eccentricities, the 
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inherent eccentricity does not get amplified or reduced. An accidental eccentricity of 5% of the 
plan dimension is utilized, but this value can get amplified depending on the intensity of 
torsional response. 
 
2.5.2 Eurocode 8 
 The European seismic design code (Eurocode 8) provides an approximate analysis 
method, which can consider torsional effects. Two planar models are used, one for each direction. 
The torsional effects for each direction are determined separately. In order to consider the 
dynamic effects of the simultaneous vibration of translation and torsion, the center of mass is 
displaced from the initial position with an inherent eccentricity (the distance between centers of 
mass and stiffness) and an additional eccentricity. The additional eccentricity is referred to as   , 
and it can be approximated as the lower of the following two values: 
      (   )√            (   ) (2.6) 
   
 
   
[  
    
     √(      
    )     
   ] (2.7) 
where    is the inherent eccentricity,   is the floor dimension perpendicular to the direction of 
the seismic action,   is the floor dimension parallel to the direction of the seismic action,    is 
the ratio of the story torsional stiffness to the lateral stiffness, and   
  is the square of the gyration 
radius, 
  
  (     )    . (2.8) 
 The torsional effects are determined as the envelope of the effects resulting from an 
analysis using torsional moment   for two static loading conditions: 
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             (        ) (2.9) 
             (     ) (2.10) 
where    is the horizontal seismic force at story   ,    is the inherent eccentricity,    is the 
accidental eccentricity equal to 5% of the floor dimension perpendicular to the direction of the 
seismic action, and    is the additional eccentricity defined above. 
 If the lateral stiffness and mass are symmetrically distributed in the plan, and unless a 
more exact method is applied, the accidental torsional effects are accounted for by multiplying 
the action effects in the individual lateral load-resisting members, evaluated according to the 
above method, with the factor given by 
     
 
  
 (2.11) 
where   is the distance from the center of mass to the element under consideration, measured 
perpendicularly to the direction of the seismic action considered, and    is the distance between 
the two outermost lateral load-resisting members measured perpendicularly to the direction of 
the seismic action. 
 However, Eurocode sets forth restrictions on the use of this approximate analysis method. 
This analysis can be applied to the following conditions: 
 The building has well-distributed and relatively rigid cladding and partitions; 
 The building height does not exceed 10 m; 
 The building aspect ratio (height/length) in both main directions does not exceed 0.4; 
 The in-plane stiffness of the floors is large enough in comparison with the lateral stiffness 
of the vertical structural members, so that a rigid diaphragm behavior can be assumed; 
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 The centers of lateral stiffness and of mass are each approximately located on a vertical 
line. 
 
 In Eurocode 8, the primary design eccentricity     and secondary design eccentricity     
are defined as 
                   (2.12) 
                (2.13) 
where    is the inherent eccentricity between the centers of mass and stiffness,   is the plan 
dimension perpendicular to the seismic action, and    is the additional eccentricity previously 
defined. Both eccentricities utilize an accidental eccentricity of 5% of the plan dimension. While 
the inherent eccentricity does not get amplified or reduced in the secondary design eccentricity, 
the primary design eccentricity utilizes the inherent eccentricity with the following modification 
factor: 
      
  
  
 (2.14) 
where    is the inherent eccentricity and   is an amplification factor for the inherent eccentricity. 
 
2.5.3 NBCC 
 In National Building Code of Canada (NRC, 1995), strength of a member on the flexible 
side is determined from the primary design eccentricity     given by 
               (2.15) 
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               (2.16) 
where    is the inherent eccentricity between the centers of mass and stiffness, and   is the plan 
dimension perpendicular to the seismic action considered. 
 Similarly, strength of a member on the stiff side is determined from the secondary design 
eccentricity     given by 
               (2.17) 
               (2.18) 
where    is the inherent eccentricity and   is the plan dimension, as defined above. 
 In both primary and secondary design eccentricities, NBCC-95 utilizes an accidental 
eccentricity equal to 10% of the plan dimension while the inherent eccentricity get amplified or 
reduced with the factor of 1.5 or 0.5. Under this design code, the lateral load-resisting members 
on the flexible side should be designed based on the maximum seismic demand caused by either 
one of the two different values of primary design eccentricity. 
 
2.5.4 KBCS 
 According to KBCS (Korean Building Code – Structural), the primary design eccentricity 
    and secondary design eccentricity    , which are applicable for the lateral load-resisting 
members on the flexible and stiff sides respectively, are defined as 
                (2.19) 
                (2.20) 
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where    is the inherent eccentricity between the centers of mass and stiffness, and   is the plan 
dimension perpendicular to the seismic action considered. Both primary and secondary design 
eccentricities use the inherent eccentricity, which does not get amplified or reduced, and an 
accidental eccentricity of 5% of the plan dimension. 
 
2.5.5 Comparison of Design Eccentricities 
 The primary and secondary design eccentricities adopted in various international seismic 
design codes are summarized in Table 2.2. As can be seen, each code adopts different values for 
the amplification/reduction factors for the inherent eccentricity and an accidental eccentricity. 
Thus, the seismic torsional design of a structure based on a specific design code could be very 
different from code to code. Furthermore, much recent research has pointed out the inadequacy 
of code-defined design eccentricities since these values are based on investigations with elastic 
models or overly simplified inelastic models (e.g. Stathopoulos and Anagnostopoulos, 2003, 
2004, 2005; Anagnostopoulos et al., 2010). 
 
Table 2.2  Comparison of design eccentricities in different international design codes 
Design Code 
Design Eccentricities 
Primary design eccentricity 
    
Secondary design eccentricity 
    
2009 IBC 
ASCE/SEI 07-05  
                            
Eurocode 8 (2003) (    
  
  
)                     
NBCC-95 
            
            
            
            
KBCS (2005)                         
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2.6 Summary and Discussion 
 This chapter provides the literature review relevant to this study. First, observed damage 
to structures due to torsional effects during past earthquakes is reported. Second, previous studies 
conducted to investigate the seismic torsional response of plan-irregular structures, both 
analytical and experimental, are reviewed. Lastly, torsional provisions in various international 
seismic design codes are analyzed: International Building Code (ICC, 2009), ASCE/SEI 7-05 
(American Society of Civil Engineers, 2005), Eurocode 8 (CEN, 2004), National Building Code 
of Canada (NRC, 1995), and KBCS (Korean Building Code – Structural 2005). 
 From a thorough literature review, it is found that, despite a number of previous studies 
devoted to this topic, there is still a lack of understanding of the inelastic seismic response of 
plan-irregular structures because of the complexity of nonlinear lateral-torsional coupling and the 
large number of parameters influencing the inelastic torsional response. Also, the comparative 
analysis of the current torsional provisions in various seismic codes indicates that seismic 
torsional design using current code-defined design eccentricities needs to be improved. Moreover, 
the design eccentricities adopted by the current seismic design codes have been called into 
question because they are driven by the results of unrealistic models. In the following chapters, 
an intensive analysis of the seismic torsional response of plan-irregular structures is presented, 
using detailed inelastic models and an advanced analysis tool. Based on the findings, guidelines 
for the advanced seismic assessment and improved seismic design of plan-irregular structures are 
provided. 
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CHAPTER 3  
INELASTIC SEISMIC RESPONSE OF  
KINEMATICALLY PLAN-IRREGULAR STRUCTURES 
 
 
3.1 Introduction 
 While the simplified inelastic model has been extensively studied during past decades, 
problems associated with using such a model have been reported (Stathopoulos and 
Anagnostopoulos, 2003, 2004, 2005; Anagnostopoulos et al., 2010). Specifically, there have 
been considerable differences in the predicted responses between the detailed model and their 
simplified versions. These differences raise questions about the reliability of simplified models. 
 Thus, detailed, three-dimensional, inelastic models are utilized for all analyses and 
evaluations. Given the current state of modeling capabilities and available software systems, 
there is no reason to estimate the actual seismic torsional behavior of the structure by relying on 
overly simplified models. The scope of this chapter is to investigate the inelastic seismic 
torsional response of reinforced concrete structures, both plan-regular and -irregular, using an 
advanced and verified nonlinear analysis tool, ZEUS-NL from Mid-America Earthquake (MAE) 
Center. The concept of “kinematic eccentricity” is introduced: this is the eccentricity that arises 
from inelastic deformations even when the original structure is perfectly symmetric. In contrast 
to previous research, this study characterizes the seismic torsional response through temporal 
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eccentricity variation during an earthquake event, which can provide better understanding of the 
inelastic seismic response of plan-irregular structures.  
 
 
3.2 Definitions and Terminology 
 To better explain the inelastic torsional behavior of irregular structures, this section 
provides several definitions and terminologies. 
 
3.2.1 Lateral-torsional Coupling Effect 
 An earthquake induces horizontal inertia forces acting through the center of mass of a 
structural system. These forces are resisted by the vertical members through the center of 
stiffness. In many structures, these opposing forces are not coincident. The lack of coincidence 
between the centers of mass and stiffness produces eccentricities, causing undesirable torsional 
response. The term “lateral-torsional coupling effect” is used when torsional response is coupled 
with lateral response. 
 
3.2.2 Kinematic Irregularity 
 When a structure has non-coincident centers of mass and stiffness, it can be classified as 
irregular. However, even in a regular structure which has symmetric mass and stiffness 
distribution, irregularity always arises due to the inelastic behavior and non-uniform yielding of 
lateral load-resisting members as the structure deforms. In this study, the term “Kinematic 
Irregularity” is proposed in order to include initially regular structures which behave like 
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irregular systems during earthquakes, in the category of irregular structures. This term is closely 
related to the “Kinematic Eccentricity” in the following section, which is the eccentricity that 
arises from inelastic deformations even when the original structure is perfectly symmetric. 
 
3.2.3 Terminology 
 The terminologies used extensively in this study to describe the seismic torsional 
response of irregular structures are center of mass, center of stiffness, and eccentricity. 
 
Center of Mass 
 Center of mass (CM) is defined as the point through which earthquake-induced inertia 
force is applied. The locations of the center of mass in the x and y directions at time t are 
calculated as below: 
   ( )  
∑    ( )
∑  
 (3.1) 
   ( )  
∑    ( )
∑  
 (3.2) 
where   is the i-th lumped mass,   ( ) and   ( ) are locations of the i-th lumped mass in the x 
and y directions at time   respectively, and the summation is taken over all lumped masses. 
 When the floor is assumed to be rigid, the center of mass does not vary within its plan in 
either the elastic or inelastic ranges, because there are only rigid body motions (translational and 
rotational). However, if a semi-rigid floor is assumed, which is more realistic, the center of mass 
can move, but only slightly, since, in most cases, the stiffness of the floor is significantly greater 
than that of the lateral load-resisting member. 
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Center of Stiffness 
 Center of stiffness (CS) is defined as the point through which the reaction forces by 
lateral load-resisting members act. The locations of the center of stiffness in the x and y 
directions at time t are determined as shown below: 
   ( )  
∑   ( )  ( )
∑   ( )
 (3.3) 
   ( )  
∑   ( )  ( )
∑   ( )
 (3.4) 
where    ( ) and    ( ) are lateral stiffnesses of the i-th lateral load-resisting member in the x 
and y directions at time  ,   ( ) and   ( ) are locations of the i-th lateral load-resisting member 
in the x and y directions at time  , and the summation is taken over all lateral load-resisting 
members. 
 As shown in the above formula, the information about the location and lateral stiffness of 
each lateral load-resisting member is necessary to evaluate the center of stiffness. While the 
locations of all lateral load-resisting members under dynamic load are available in most cases, 
the time-varying inelastic lateral stiffnesses of the members are not usually obtainable. Therefore, 
evaluating the inelastic lateral stiffness of each lateral load-resisting member is the key to 
determining the center of stiffness. The center of stiffness is expected to move transiently in 
space due to inelastic material behavior and the asymmetric yielding of lateral load-resisting 
members during an earthquake. 
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Eccentricity 
 Eccentricity is defined as the distance from the center of mass to the center of stiffness. 
The eccentricities in the x and y directions at time t are calculated from the formula below:  
  ( )     ( )     ( ) (3.5) 
  ( )     ( )     ( ) (3.6) 
where    ( ) and    ( ) are the locations of the center of stiffness in the x and y directions at 
time  , and    ( ) and    ( ) are the locations of the center of mass in the x and y directions at 
time  .  
 Dimensionless eccentricity is defined as the ratio of the eccentricity to the floor 
dimension, as follows: 
 ̅ ( )  
  ( )
  
 (3.7) 
 ̅ ( )  
  ( )
  
 (3.8) 
where   ( ) and   ( ) are the eccentricities in the x and y directions at time   respectively, and 
   and    are the plan dimensions in each direction. 
 Absolute eccentricity is defined as the absolute distance between the centers of mass and 
stiffness. It can be obtained from the square root of the sum of the eccentricities’ squares, as 
follows: 
| ( )|  √(  ( ))  (  ( ))
 
 (3.9) 
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where   ( ) and   ( ) are the eccentricities in the x and y directions at time   respectively. 
 Eccentricity angle is the angle measured the center of stiffness counterclockwise from the 
positive x-axis of the center of mass. It can be calculated with the following formula: 
  ( )       
  ( )
  ( )
 (3.10) 
where   ( )  and   ( )  are the eccentricities previously defined. Figure 3.1 illustrates the 
absolute eccentricity and eccentricity angle as defined above. 
 
Figure 3.1  Absolute eccentricity and eccentricity angle 
 
 Inherent or initial eccentricity is defined as the inherent eccentricity in an irregular 
structure due to the non-coincident centers of mass and stiffness. 
 Instantaneous or kinematic eccentricity is defined as the eccentricity caused by the 
varying centers of mass and stiffness under a dynamic load. Initial instantaneous eccentricity is 
the same as the inherent eccentricity. 
 As shown in Figure 3.2, the torsional moment is caused by the eccentricities, and is 
computed by taking the product of the earthquake-induced inertia forces and eccentricities in the 
global coordinate system. 
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Figure 3.2  Torsional moment caused by eccentricity 
 
 
 
3.3 Preliminary Study and Proposed Methodologies 
 In this section, a preliminary study of the elastic coupled lateral-torsional response of a 
single-story irregular structure subjected to an earthquake ground motion is conducted. This 
identifies the parameters governing the seismic torsional response of an irregular structure. 
Among them, the eccentricity between the centers of mass and stiffness is the most important, 
since it is the fundamental cause of the torsional response. Thus, a close examination of how the 
eccentricity varies with time in the elastic and inelastic stages of response can provide vital clues 
for understanding the seismic torsional response of irregular structures. For this purpose, a new 
method is proposed for evaluating the time-varying inelastic stiffness of the lateral load-resisting 
members and estimating the maximum instantaneous eccentricities. 
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3.3.1 Preliminary Study of Elastic Dynamic Response of Irregular Structures 
 When a single-story structure having an inherent eccentricity    between the centers of 
mass and stiffness is subjected to a purely translational ground motion, the response of the 
system is described by the lateral displacement   and the rotation   at the center of stiffness. 
 The equations of motion (EOM) governing the coupled lateral-torsional response of the 
system about the center of stiffness can be written as below: 
[
    
     
 ] {
 
 ̈
̈
}  [
      
      
] {
 ̇
 ̇
}  [
   
   
] {
 
 
}   [
    
     
 ] {
 
 
}   ̈ (3.11) 
where m is the mass of the floor, r is the radius of gyration of the floor mass about the center of 
stiffness,    and    are the translational and rotational stiffnesses of the system defined at the 
center of stiffness,    is the inherent eccentricity of the structure,    ,    ,      and     are 
damping coefficients of the system,    ̇  and  ̈  are translational displacement, velocity and 
acceleration,    ̇ and  ̈ are the rotational displacement, velocity, and acceleration, and   ̈ is the 
ground acceleration. 
 The lateral and torsional responses are coupled due to the existence of the eccentricity. If 
there is no eccentricity, the lateral and torsional motions can be separated from each other. In 
such a case, there will be no torsional response to the translational ground motion. 
 The matrix form of EOM is: 
              ̈ (3.12) 
where ,   and   are the mass, damping, and stiffness matrices, respectively,  and   are the 
deformation and load vectors, respectively, and   ̈ is the ground acceleration. 
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 After solving the eigenvalue problem with the mass and stiffness matrices, the natural 
frequencies of the two fundamental modes are: 
  
  
  
    
  √(  
    
 )
 
    
   
 (  (
  
 )
 
)
 (  (
  
 )
 
)
 (3.13) 
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 (3.14) 
where    √     and    √       are the uncoupled lateral and torsional frequencies of 
the system. 
 When the ratio of the uncoupled torsional frequency to the uncoupled lateral frequency 
(       ) is introduced, the two fundamental frequencies of the coupled motion can be 
restated as: 
  
  
     √(    )     (  (
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   (3.16) 
 If there is no eccentricity in the system, the two natural frequencies (  ,   ) are the same 
as the uncoupled lateral and torsional frequencies (  ,   ). In Figure 3.3, the natural 
fundamental frequencies (  ,   ) of the irregular system are plotted as functions of the 
uncoupled frequency ratio   for different values of normalized eccentricity quantity (  
      ) 
where   is the radius of gyration of the floor mass about the center of stiffness. With increasing 
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normalized eccentricity, one natural frequency also increases while the other decreases. 
Accordingly, the ratio of two natural frequencies (        ) of an irregular system is always 
greater than the ratio of the uncoupled torsional and lateral frequencies (       ), as shown 
in Figure 3.4. 
 
 
Figure 3.3  Effect of uncoupled frequency ratio   on natural frequencies 
 
 
Figure 3.4  Effect of uncoupled frequency ratio   on coupled frequency ratio    
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 The eigenvectors, or mode shapes, corresponding to the two natural frequencies are:  
   ⌈
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(3.18) 
 Due to the eccentricity, the first and second modes include both lateral and rotational 
responses. In a torsionally stiff system, which by definition exists when the uncoupled frequency 
ratio   is greater than 1, the first mode has a positive lateral displacement with a 
counterclockwise rotation, whereas the second mode has a positive lateral displacement with a 
clockwise rotation. 
 Using the orthogonality properties of eigenvectors with respect to mass and stiffness 
matrices, the coupled motions can be separated into two independent modal responses (      ): 
 ̂   ̈   ̂   ̇   ̂      ̂   ̈               (3.19) 
where ̂    
    ,  ̂    
    ,  ̂    
    ,  ̂    
    and   denotes transpose. 
 The corresponding EOM of unit modal mass is: 
  ̈         ̇    
         ̈               (3.20) 
where    is modal response,    is modal (natural) frequency,    is modal damping, and    is the 
modal participation factor given by 
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 Then the response of the irregular system can be expressed with the mode shape vector 
   and the modal response   : 
{
 ( )
 ( )
}      ( )      ( )  (3.22) 
 This analytical solution of the given EOM indicates the parameters which control the 
elastic coupled lateral-torsional response of irregular structures. Those are ratio of uncoupled 
torsional frequency to uncoupled lateral frequency  , uncoupled lateral frequency    (or 
uncoupled lateral period,         ), eccentricity   , ratio of eccentricity to radius of gyration 
of mass about center of stiffness      and modal damping   . 
 With this knowledge, a series of elastic dynamic response-history analyses are conducted 
to obtain the elastic response spectra of the irregular structures. New terms are introduced, which 
are explained hereafter. 
 The inertia force   and inertia moment  at the center of stiffness in irregular systems 
are expressed as: 
{
 
 
}  [
    
     
 ] {
 
 ̈
̈
}  {
  ̈      ̈
    ̈    
  ̈
}  {
  ( ̈     ̈)
    (
  
  
 ̈   ̈)
}  (3.23) 
 By introducing new variables  ̈  and     , the inertia force and moment can be simply 
represented by the floor mass m located at the dynamic eccentricity     : 
{
 
 
}  {
  ( ̈     ̈)
    (
  
  
 ̈   ̈)
}  {
  ̈ 
  ̈      
}   {
 ̈ 
 ̈     
} (3.24) 
where  ̈   ̈     ̈ and      (   ̈   
  ̈) ( ̈     ̈). 
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 Then the response spectrum acceleration    for irregular systems can be defined as the 
maximum of the new variable  ̈ : 
   (| ̈ |)    (| ̈     ̈|)    (3.25) 
 
 With these definitions, the elastic response spectra of irregular structures with varying 
eccentricities and uncoupled frequency ratios are obtained. The NS component of the 1940 
Imperial Valley earthquake recorded at the El Centro station, as shown in Figure 3.5, is used as 
the input ground motion. 
 
 
Figure 3.5  NS component of 1940 Imperial Valley earthquake acceleration time-history 
recorded at El Centro station 
 
 For comparison purposes, the elastic response spectrum for regular structures subjected to 
the same ground motion is shown in Figure 3.6. 
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Figure 3.6  Elastic acceleration response spectrum for regular structures (NS component of 
1940 Imperial Valley earthquake recorded at El Centro station, 5% damping) 
 
 In Figure 3.7, the elastic response spectra of irregular structures of different uncoupled 
frequency ratio   s are plotted for different values of normalized eccentricity with respect to the 
radius of gyration of the floor mass about the center of stiffness (  
      ). As shown in this 
figure, increasing the eccentricity generally reduces the spectral lateral acceleration. This change 
is most significant when the uncoupled frequency ratio is equal to 1. 
 The dynamic amplification factor is defined as the ratio of the dynamic eccentricity      
to the inherent (static) eccentricity   . Figure 3.8 depicts the dynamic amplification factors of 
irregular structures and the effect of the normalized eccentricity    
  on the dynamic amplification 
factor. The dynamic amplification factor generally decreases as the inherent eccentricity 
increases except for torsionally flexible systems. Particularly, when the uncoupled frequency 
ratio is 1, the maximum value of the amplification factor can be as high as 7. 
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(a)       
 
(b)       (Torsionally stiff system) 
 
(c)       (Torsionally flexible system) 
Figure 3.7  Effect of normalized eccentricity    
  on elastic acceleration response spectra for 
irregular structures (NS component of 1940 Imperial Valley earthquake recorded 
at El Centro station, 5% damping) 
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(a)       
 
(b)       (Torsionally stiff system) 
 
(c)       (Torsionally flexible system) 
Figure 3.8  Effect of normalized eccentricity    
  on dynamic amplification factor for irregular 
structures 
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 Figure 3.9 and Figure 3.10 show the elastic acceleration response spectra and dynamic 
amplification factors for torsionally stiff systems (     ), respectively. While the normalized 
eccentricity   
  generally reduces the spectral lateral acceleration of the elastic response spectrum 
slightly, it influences the dynamic amplification factors considerably.  
 
Figure 3.9  Elastic acceleration response spectra for torsionally stiff systems (     ) 
 
 
Figure 3.10  Dynamic amplification factors for torsionally stiff systems (     ) 
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 From this preliminary study of the elastic dynamic response of irregular structures, 
important system parameters that control the overall behavior are found. Table 3.1 summarizes 
and compares these parameters. Among them, it is found that the eccentricity is the most 
important parameter since it correlates directly to torsional motion. In Table 3.2, system-related 
parameters that can affect inelastic dynamic response are identified for the further study of the 
inelastic lateral-torsional response of irregular structures. 
 
Table 3.1  System-related parameters affecting elastic dynamic response of regular and 
irregular structures 
 Regular Structure Irregular Structure 
System-related 
Parameters 
 Mass  
-   
 Stiffness 
-    
 Period 
-       √     
 Mass  
-     (  √   ) 
 Stiffness 
-       (  √     ) 
 Eccentricity 
-    
 Uncoupled Period 
-       √     
-       √     
 Uncoupled Period Ratio 
-         
 Damping 
- ζ 
 Damping 
- ζ 
Representative 
System-related 
Parameters 
 Period,    
 Damping , ζ 
 Uncoupled Lateral Period,    
 Uncoupled Period Ratio,         
 Eccentricity,    
 Normalized Eccentricity,      
 Damping, ζ 
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Table 3.2  System-related parameters affecting inelastic dynamic response of regular and 
irregular structures 
 Regular Structure Irregular Structure 
System-
related 
Parameters 
 Mass  
-   
 Stiffness 
- Initial stiffness,    
- Post-yield stiffness,  ́  
 Strength 
- Yield strength 
 Ductility 
 Period 
- Elastic period       √     
- Inelastic period,  ́     √ ́    
 Mass  
-     (  √   ) 
 Stiffness 
- Initial stiffness,       
- Post-yield stiffness,   ́     ́  
 Strength 
- Yield strength 
 Ductility 
 Eccentricity 
- Stiffness eccentricity,    
- Strength eccentricity,    
 Uncoupled period 
- Elastic period 
      √    ,       √     
- Inelastic period 
 ́     √ ́   ,       √  ́    
 Uncoupled period ratio 
-        ,  ́    ́   ́ 
 Damping 
- ζ 
 Damping 
- ζ 
 
 
3.3.2 Proposed Methodologies 
 In order to understand the inelastic torsional response of irregular structures, previous 
studies paid attention to two kinds of eccentricities: stiffness and strength eccentricity. However, 
neither could provide enough information on inelastic torsional response: Stiffness eccentricity 
explained only the elastic response range where lateral load-resisting members remain intact, and 
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strength eccentricity represented only the part of the inelastic response range in which all lateral 
load-resisting members yield. Since a torsional response phenomenon in irregular systems 
usually causes non-uniform yielding of lateral load-resisting members, eccentricities for which 
only one or a few of the lateral load-resisting members yield would be more important than the 
stiffness and strength eccentricities in understanding the inelastic torsional behavior of irregular 
structures. 
 This study examines the seismic response of plan-irregular structures through temporal 
eccentricity variation. In order to obtain the eccentricity variation during an earthquake event, the 
centers of mass and stiffness during the whole time should be evaluated. While the center of 
mass can be easily calculated with a lumped mass idealization, it is more challenging to compute 
the center of stiffness because of the transient and complex nature of the inelastic stiffness of the 
individual lateral load-resisting members. Thus, this study develops a new method for evaluating 
the time-varying inelastic lateral stiffness of each lateral load-resisting member. By utilizing this 
method, the instantaneous location of the center of stiffness and temporal eccentricity can be 
obtained. Additionally, a method which can estimate the maximum eccentricity in the inelastic 
range is developed. 
 
Evaluation of Inelastic Lateral Stiffness and Instantaneous Eccentricity 
 After a dynamic response-history analysis, displacement time-history data are obtainable. 
With this time-history data, a deformation-controlled static analysis is proposed in order to 
evaluate the inelastic stiffness of a lateral load-resisting member. For this analysis, the original 
displacement time-history is modified by adding extra time steps between the ordinal ones 
(depicted as red lines in Figure 3.11), for which the inelastic stiffness is numerically evaluated. 
 45 
There are two added time steps. In the first one, the lateral load-resisting member is pushed or 
pulled depending on the direction in the next step. Then, the inelastic stiffness can be taken as 
the tangent stiffness (depicted as a red line in Figure 3.12) computed from the increases of 
displacement and corresponding increment of force. In the second added step, the lateral load-
resisting member is displaced back to its original position. Once the inelastic stiffnesses of all 
lateral load-resisting members are evaluated in this way, the instantaneous location of center of 
stiffness and then instantaneous eccentricity can be calculated from the formulas given in Section 
3.2.3. Figure 3.13 illustrates the overall conceptual procedure of how to evaluate inelastic 
stiffness, and then instantaneous eccentricity. 
 
(a) Displacement time-history obtained from a dynamic analysis 
 
(b) Modified displacement time-history for inelastic stiffness evaluation 
Figure 3.11  Comparison of original and modified displacement time-histories 
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Figure 3.12  Inelastic tangent stiffness evaluation 
 
 
Figure 3.13  Proposed procedure for evaluating inelastic lateral stiffness and instantaneous 
eccentricity 
 
Estimation of Instantaneous Maximum Eccentricity 
 Maximum instantaneous eccentricity in a structure can be estimated from the results of 
the section analyses of the lateral load-resisting members. After the section analysis of each 
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column, the moment-curvature curve can be idealized as a tri-linear curve, as shown in Figure 
3.14. With this idealized curve, it is possible to assign three flexural rigidities (   ,    ,    ) in 
the elastic (column is intact), cracked (concrete cracks), and yield (column yields) stages, 
respectively. 
 
Figure 3.14  Idealized tri-linear curve of section moment-curvature relationship 
 
 Using these three flexural rigidities (   ,    ,    ), with the unloading flexural rigidity 
(   ), the maximum instantaneous eccentricity can be predicted by considering their sequential 
combination. For instance, the maximum eccentricity of a symmetric structure under a 
unidirectional earthquake excitation, as illustrated in Figure 3.15, can be taken as the maximum 
of the following values: 
 
∑          ∑         
∑        ∑       
: columns on the left and right sides are intact; 
 
∑          ∑         
∑        ∑       
: columns on the left are intact while those on the right are cracked; 
 
∑          ∑         
∑        ∑       
: columns on both sides are cracked; 
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 
∑          ∑         
∑        ∑       
: columns on the left side are cracked while those on the right yield; 
 
∑          ∑         
∑        ∑       
: columns on both sides yield; 
 
∑          ∑         
∑        ∑       
: columns are under unloading; 
where      ,      ,      ,      ,      ,      ,      , and       are the elastic, cracked, yielding, and 
unloading flexural rigidities of the columns on the left and right sides of the center of mass, and 
   and    are the locations of the columns on either side. The maximum eccentricity of mass-
eccentric models can be estimated in a similar way. 
 
 
(a) Symmetric model under a unidirectional excitation 
 
(b) Mass-eccentric model under a unidirectional excitation 
Figure 3.15  Maximum eccentricity estimation 
 
 
Column yields
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 49 
3.4 Analytical Models 
 In this chapter, inelastic torsional response is investigated with kinematically plan-
irregular, single- and multi-story structures, which include initially symmetric (regular) and 
eccentric (irregular) models. 
 
3.4.1 Kinematically Plan-irregular Single-story Structures 
 In this study, a single-story reinforced concrete moment frame is investigated. It has three 
bays and consists of three parallel frames. The length of the bays and the distance between two 
adjacent frames are 5 m, and the height of the story is 3 m, as shown in Figure 3.16. 
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(a) Plan view (b) Elevation view 
Figure 3.16  Studied single-story reinforced concrete moment frames 
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 The nonlinear finite element analysis (FEA) program ZEUS-NL (Elnashai et al., 2010) is 
utilized for the analysis. ZEUS-NL is a fiber element-based analysis software package which has 
the capability of representing the spread of inelasticity not only along the member length but also 
within the member cross-section. More details about the software can be found in Section 5.2.2. 
 In order to model the material behavior of concrete, a uniaxial constant confinement 
concrete model in ZEUS-NL is employed, based on the model of Mander et al. (1988) (Martínez 
-Rueda and Elnashai, 1997). For steel, a bilinear elasto-plastic model with a kinematic hardening 
rule for the yield surface is employed (Elnashai and Elghazouli, 1993; Elnashai and Izzuddin, 
1993). Assumptions for the material properties are summarized in Table 3.3. 
 
Table 3.3  Assumed material properties 
Material Type Assumed Values 
Concrete 
Compressive Strength 24.73MPa 
Tensile Strength 0.01 MPa 
Crushing Strain 0.0022 
Confinement Factor 
(Mander et al.,1988) 
1.1 
(confined region) 
1.0 
(unconfined region 
Reinforcement Steel 
Yield Strength 467 MPa 
Modulus of Elasticity 20,6000 MPa 
Strain-hardening Parameter 3.32% 
Area 200    
 
 
 In the analytical model, the contribution of the slab to the beam stiffness and strength is 
reflected by the effective flange width of the T-shape beam and the diagonal diaphragm. All of 
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the dead loads and 30% of the live loads (0.6 kN/m
2
) are used for the gravity loads in the 
analysis. In calculating the self-weight of the structure, the weight per unit volume of reinforced 
concrete is assumed to be 24.5 kN/m
3
. Lumped masses corresponding to the calculated gravity 
loads are placed only at the beam-column connections in order to reduce the size of the mass 
matrix. The three-dimensional analytical finite element model is shown in Figure 3.17. 
 
 
Figure 3.17  Three-dimensional finite element model of single-story frame in ZEUS-NL 
 
 Throughout this study, one initially symmetric, five mass-eccentric and two stiffness-
eccentric models are utilized. The locations of centers of mass and stiffness are schematically 
illustrated in Figure 3.18. 
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(a) Symmetric model 
 
(b) Mass-eccentric model 
 
(c) Stiffness-eccentric model 
Figure 3.18  Schematic locations of centers of mass and stiffness of kinematically plan-
irregular single-story models 
 
 
Symmetric Model 
 The initially symmetric model, referred as to SE, has regular geometry and a symmetric 
mass/stiffness distribution in its plan. Thus, the initial centers of mass and stiffness are the same 
as the center of the geometry. In this model, there are twelve lateral load-resisting columns 
which have identical square sections. 
 The natural periods are    0.214 s,    0.215 s, and    0.188, where    corresponds 
to torsional vibration. Since the ratios of uncoupled lateral vibration periods and torsional 
vibration period are greater the one, this structure can be classified as a torsionally stiff system. 
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Mass-Eccentric Model 
 In a mass-eccentric system, stiffness is distributed symmetrically, while the mass has 
asymmetrical distribution. Five mass-eccentric models are analyzed whose inherent eccentricities 
vary from one to five percent of the floor dimension (100, 200,300, 400 and 500 mm). These 
models are developed to represent changes in the live load distribution, whereas dead loads are 
fixed with an assumption of a regular distribution of uniform columns and floor weights. Two 
different live load distributions are assumed at each region in the floor as shown in Figure 3.19. 
In the given live loads (30% of the design live loads), the maximum inherent eccentricity can be 
up to 5% of the y-direction plan dimension. The three fundamental periods of the five percent 
mass-eccentric model are 0.216 s, 0.215 s, and 0.186 s. Table 3.4 shows the inherent 
eccentricities of five mass-eccentric models and its reference model names. 
 
Region 1
Region 2
A
A
’
 
A A’
w2w1
 
(a) Two different regions  (b) Two different live load values 
Figure 3.19  Assumed asymmetric live load distribution 
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Table 3.4  Inherent eccentricities of mass-eccentric models 
 
Mass-eccentric Models 
ME1 ME2 ME3 ME4 ME5 
Dimensionless eccentricity 
in the y direction (%) 
1 2 3 4 5 
Eccentricity 
in the y direction, (mm) 
100 200 300 400 500 
 
 
Stiffness-Eccentric Model 
 In a stiffness-eccentric system, the stiffness is distributed asymmetrically while the mass 
has a symmetric distribution. In order to change the center of stiffness, the cross-section of the 
column on one side of the plan needs to increase. With the columns having different cross-
sections, two stiffness-eccentric models of three and five percent inherent eccentricity, referred 
to as SE3 and SE5 respectively, are created. 
 
3.4.2 Kinematically Plan-irregular Multi-story Structures 
 In order to investigate the inelastic seismic response of kinematically plan-irregular 
multi-story structures, three- and five-story reinforced concrete moment frames are utilized. The 
models have three bays in the longitudinal direction and two in the transverse. The length of a 
bay is 5 m and the height of each story is 3 m. Analytical models are created with the nonlinear 
FEA program ZEUS-NL in the same way used for the single-story models. Figure 3.20 shows the 
schematic explanation of the inherent eccentricities used for the symmetric and eccentric models. 
As shown in this figure, eccentric models are assumed to have the same eccentricity in each story. 
This study utilizes three different eccentricities, which are zero, three and five percent of the 
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floor dimension. One symmetric, two mass-eccentric, and two stiffnesses-eccentric models for 
each three- or five-story frame are created. Figure 3.21 shows one of the three-dimensional FEM 
models in ZEUS-NL. 
 
  
(a) Symmetric model (a) Eccentric models 
Figure 3.20  Schematic explanation of inherent eccentricities used for three-story symmetric 
and eccentric models 
 
 
Figure 3.21  Three-story analytical model created in ZEUS-NL 
 
 
e1=e2=e3=0
e1=e2=e3=e
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3.5 Input Ground Motion Records 
 For the extensive inelastic dynamic response-history analyses, this study utilizes the 
following ground motion records: 
 Four sets of natural earthquake ground motion records (EQ1~EQ4); 
 Two sets of artificially generated ground motion records (EQ5~EQ6); 
 Ten sets of rotational ground motions (EQ7~EQ16). 
 
3.5.1 Natural Earthquake Ground Motion Records 
 The characteristics of the selected ground motions, obtained from the PEER Next 
Generation Attenuation Relationship (NGA) database (PEER, 2005), are summarized in Table 
3.5. The table includes the year of occurrence, the earthquake name, the station at which the 
record is measured, the reference name used in this study, the closest distance to the fault, the 
magnitude of the event, and the peak ground accelerations (PGAs) of the longitudinal and 
translational components. The acceleration time-history record and elastic response spectra for 
each earthquake ground motion are shown in Figure 3.22. 
 
Table 3.5  Characteristics of selected natural earthquake ground motion records 
Year 
Earthquake 
Name 
Station ID 
Reference 
Name 
Distance 
(km) 
   
PGA 
(g) 
Longitudinal Translational 
1994 Northridge 
Arleta 
Nordhoff Fire Station 
EQ1 3.9 9.2 0.344 0.308 
1989 Loma Prieta 
Saratoga  
Aloha Ave 
EQ2 13.0 6.9 0.483 0.296 
1989 Loma Prieta Capitola EQ3 14.5 6.9 0.461 0.376 
1989 Loma Prieta 
Fremont 
Mission San Jose 
EQ4 43.0 6.9 0.124 0.104 
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(a) Acceleration time-history records (EQ1) (b) Elastic response spectra (EQ1) 
  
(c) Acceleration time-history records (EQ2) (d) Elastic response spectra (EQ2) 
  
(e) Acceleration time-history records (EQ3) (f) Elastic response spectra (EQ3) 
  
(g) Acceleration time-history records (EQ4) (h) Elastic response spectra (EQ4) 
Figure 3.22  Selected natural earthquake ground motion records 
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3.5.2 Artificially Generated Ground Motion Records 
 Two artificially generated ground motions with the hazard levels of 10% of probability of 
exceedance in 50 years are utilized. First two records in Section 4.3.2, hereafter referred to as 
EQ5 and EQ6, are employed to assess the dynamic response of the structure. Detailed 
descriptions of them are given in Section 4.3.2. 
 
3.5.3 Rotational Ground Motion Records 
 Rotational excitation has been ignored in engineering practice because the measuring 
device was not commonly available and the rotational effect was believed to be small enough to 
disregard. Recently, however, many researchers utilizing the torsional and rocking components 
of seismic motion in their studies have emphasized the importance of the rotational component 
(e.g. Ghafory-Ashtiany and Singh, 1986; Ciampoli and Pinto, 1995; Chen et al., 2009; Lin et al., 
2009). This study employs ten sets of rotational ground motions (EQ7~EQ16), directly recorded 
from two explosions (750 kg and 3000 kg) in northeastern Taiwan on March 4, 200 (Lin et al., 
2009). There are a total of twenty one measurement devices (eight tri-axial rotational sensors and 
thirteen tri-axial accelerometers) to record these two explosions. Table 3.6 and Table 3.7 show 
the peak ground translational acceleration and peak ground rotational velocity measured from the 
first and second shots. In order to study the effect of rotational ground motion on the torsional 
response of plan-irregular structures, the translational and rotational ground motions from ten 
stations (N01, N02B, N03, N04, N05, N06, N07, N08, N09 and N10A), referred to as EQ07 to 
EQ 16 respectively, are utilized. 
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Table 3.6  Peak ground translational acceleration recorded from two explosions (750 kg and 
3000 kg) in northeastern Taiwan on March 4, 2008, after: (Lin et al., 2009) 
Station 
Distance 
(m) 
x-component 
(m/sec
2
) 
y-component 
(m/sec
2
) 
z-component 
(m/sec
2
) 
1st shot 
(3000 kg) 
2nd shot 
(750 kg) 
1st shot 
(3000 kg) 
2nd shot 
(750 kg) 
1st shot 
(3000 kg) 
2nd shot 
(750 kg) 
N01 253.9 2.375 1.843 1.685 1.603 13.532 9.183 
N02A 488.2 0.691 0.548 0.669 0.556 2.066 1.556 
N02B 488.2 0.69 0.452 0.759 0.515 2.027 1.639 
N03 493.3 0.899 0.662 0.768 0.526 2.961 1.772 
N04 498.3 0.869 0.534 0.952 0.623 2.254 1.423 
N05 498.3 1.239 0.553 1.123 0.75 2.662 1.472 
N06 498.3 0.703 0.461 0.649 0.611 3.09 1.597 
N07 498.3 0.487 0.363 0.632 0.386 2.424 1.657 
N08 498.3 0.909 0.617 1.003 0.658 3.008 1.868 
N09 503.3 0.616 0.394 0.595 0.467 3.294 1.461 
N10A 508.3 0.825 0.484 1.05 0.731 2.615 1.67 
N10B 508.3 0.674 0.389 0.61 0.471 2.932 1.566 
N11 608.2 0.812 0.531 0.614 0.461 3.666 1.432 
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Table 3.7  Peak ground rotational velocity recorded from two explosions (750 kg and 3000 
kg) in northeastern Taiwan on March 4, 2008, after: (Lin et al., 2009) 
Station 
Distance 
(m) 
x-component 
(mrad/sec) 
y-component 
(mrad/sec) 
z-component 
(mrad/sec) 
1st shot 
(3000 kg) 
2nd shot 
(750 kg) 
1st shot 
(3000 kg) 
2nd shot 
(750 kg) 
1st shot 
(3000 kg) 
2nd shot 
(750 kg) 
N01 253.9 2.741 1.75 1.362 1.123 0.966 0.563 
N03 493.3 1.124 0.525 0.68 0.453 0.362 0.42 
N05 498.3 1.503 0.876 2.524 1.185 0.491 0.301 
N06 498.3 1.217 0.716 0.758 0.472 0.401 0.37 
N07 498.3 0.708 0.353 1.462 0.775 0.268 0.303 
N09 503.3 0.37 0.235 0.627 0.394 0.41 0.408 
N11 608.2 0.728 0.329 1.043 0.867 - - 
 
 
3.6 Analysis Results 
 First, inelastic dynamic response-history analyses using single-story analytical models are 
carried out extensively to investigate the effect of the time-varying instantaneous eccentricities 
on the inelastic torsional response. By utilizing the method proposed in Section 3.3.2, the 
inelastic stiffness variations of the lateral load-resisting members, temporal instantaneous 
eccentricity (supply) variations, and maximum instantaneous eccentricities (supply) are 
successfully evaluated. In this study, the eccentricity which imposes a torsional moment on the 
structure is referred to as the eccentricity supply. Also, the instantaneous location of the center of 
resistance is obtained. More importantly, the proposed method enables the calculation of the 
eccentricity demand, defined as the ratio of the maximum torsional reaction moment over the 
maximum lateral reaction force. With the computed eccentricity supply and demand, the 
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dynamic amplification factor is estimated. This value is defined as the ratio of the eccentricity 
demand to its supply. Besides, the effects of torsional ground motions and construction materials 
are studied. Similarly, the inelastic torsional responses of multi-story analytical models are 
investigated as well. Some of the important results from the analyses are reported. 
 
3.6.1 Inelastic Lateral Stiffness Variation 
 The variation of the lateral stiffness of each lateral load-resisting member during an 
earthquake event can be successfully obtained through the inelastic stiffness evaluation method 
proposed in Section 3.3.2. Some representative results are selected and presented hereafter. 
 In order to verify the proposed lateral stiffness evaluation method, Table 3.8 compares 
the calculated elastic lateral stiffness of the column (C1 in Figure 3.16) using the propose method 
and the theoretical value from basic mechanics. The numerically calculated value is similar to 
the theoretical one. The slight difference is because the theoretical formula cannot consider the 
effect of the axial force. 
 
Table 3.8  Comparison of numerically calculated and theoretical elastic lateral stiffnesses 
 Numerically Calculated Theoretical 
Lateral Stiffness 
(N/mm
2
) 
8342 8294 
 
 
 Figure 3.23 and Figure 3.24 show the typical lateral stiffness variation of the exterior 
column (C1 in Figure 3.16) in the single-story symmetric model, as described in Section 3.4.1, 
during the unidirectional earthquake excitation (longitudinal component of the 1989 Loma Prieta 
earthquake recorded at the Saratoga station, EQ2). 
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 The overturning moments induced in the frames by lateral loading are transferred to the 
axial forces in the columns. Since concrete is highly susceptible to tension load, a varying axial 
force can cause considerable change in the lateral stiffness of a reinforced concrete column. As 
shown in Figure 3.23 (a), the lateral stiffness in the x direction of the exterior column decreases 
to almost half of the initial stiffness, even with the application of the small PGA of 0.1g. 
Moreover, an interesting observation is that the lateral stiffness in the y direction is also reduced 
significantly even though there is no input ground motion in this direction, as indicated in Figure 
3.23 (b). This is because a reduction in the effective concrete cross-section area from the lateral 
loading in the x direction weakens the stiffness in the y direction. As a consequence, a 
unidirectional earthquake motion affects the lateral stiffnesses in both directions. 
 In Figure 3.23, since the unidirectional earthquake motion with a PGA of 0.1g does not 
cause any yielding of the column, the lateral stiffness does not deteriorate after an earthquake 
event. In contrast, deterioration of the lateral stiffness is observed after the earthquake excitation 
with a PGA value of 0.3g due to the yielding of the column, as shown in Figure 3.24. 
 
  
(a) Lateral stiffness in the x direction (b) Lateral stiffness in the y direction 
Figure 3.23  Inelastic lateral stiffness variation of exterior column C1 (single-story symmetric 
model, unidirectional earthquake excitation, EQ2, PGA of 0.1g) 
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(a) Lateral stiffness in the x direction (b) Lateral stiffness in the y direction 
Figure 3.24  Inelastic lateral stiffness variation of exterior column C1 (single-story symmetric 
model, unidirectional earthquake excitation, EQ2, PGA of 0.3g) 
 
 Figure 3.25 and Figure 3.26 show the typical lateral stiffness variation of the exterior 
column in the single-story symmetric model under bi-directional earthquake excitations 
(longitudinal component of the 1989 Loma Prieta earthquake recorded at the Saratoga station, 
EQ2). In these figures, the lateral stiffnesses in both directions are similar since the longitudinal 
earthquake component is applied in each direction. This combination is hereafter referred to as 
[+L, +L]. Figure 3.26 indicates that the remaining stiffnesses become one fourth of the initial 
ones after the bi-directional earthquake motions of 0.3g PGA. 
  
(a) Lateral stiffness in the x direction (b) Lateral stiffness in the y direction 
Figure 3.25  Inelastic lateral stiffness variation of exterior column C1 (single-story symmetric 
model, bi-directional earthquake excitation, EQ2, PGA of 0.1g, [+L, +L]) 
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(a) Lateral stiffness in the x direction (b) Lateral stiffness in the y direction 
Figure 3.26  Inelastic lateral stiffness variation of exterior column C1 (single-story symmetric 
model, bi-directional earthquake excitation, EQ2, PGA of 0.3g, [+L, +L]) 
 
 In mass-eccentric and stiffness-eccentric models, the stiffness variations are similar to the 
figures of the previous symmetric models. When compared with the symmetric models, the 
stiffnesses of the eccentric model columns are different from each other, due to the torsional 
effect. The lateral load-resisting members on the flexible side (far from the center of stiffness or 
close to the center of mass) are more damaged than those on the stiff side. 
 With the stiffnesses of all lateral load-resisting members, the lateral stiffnesses (     ) 
and torsional stiffness (  ) of the structure can be calculated from the formulas below: 
  ( )  ∑   ( ) (3.26) 
  ( )  ∑   ( ) (3.27) 
  ( )  ∑(   ( )  
 ( )     ( )  
 ( )) (3.28) 
where    ( ) and    ( ) are the lateral stiffnesses of the i-th lateral load-resisting member in the 
x and y directions at time  ,   ( ) and   ( ) are the locations of the i-th lateral load-resisting 
member in each direction, and the summation is taken over all lateral load-resisting members. 
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 The lateral stiffness of the structure can be obtained by simply summing all column 
stiffnesses. Figure 3.27 demonstrates the variation of the lateral stiffnesses of the structure 
subjected to the unidirectional earthquake (longitudinal component of the 1989 Loma Prieta 
earthquake recorded at the Saratoga station, EQ2) with various intensity levels. As the PGA 
increases, the lateral stiffnesses in both directions deteriorate. Under the low intensity earthquake 
excitation, the lateral stiffness in the direction of the input ground motion is weaker than that in 
the other direction. However, with the yielding of the columns, the lateral stiffnesses in both 
directions tend to have the same value. Figure 3.28 illustrates the inelastic torsional stiffness 
variation of the structure. The deterioration of the lateral stiffnesses reduces the torsional 
stiffness as the PGA increases. 
  
(a) PGA of 0.1g (b) PGA of 0.3g 
  
(c) PGA of 0.5g (d) PGA of 0.7g 
Figure 3.27  Inelastic lateral stiffness variation of structure (single-story symmetric model, 
unidirectional earthquake excitation, EQ2) 
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Figure 3.28  Inelastic torsional stiffness variation of structure (single-story symmetric model, 
unidirectional earthquake excitation, EQ2) 
 
3.6.2 Instantaneous Eccentricity Variation 
 Using the proposed method, the instantaneous eccentricity (supply) variation can be 
successfully assessed. In this study, it is referred to as the eccentricity supply since it imposes a 
torsional moment on the structure with the inertia force. Likewise, some representative results 
are selected and presented hereafter. 
 Dimensionless eccentricity variation in the single-story symmetric model under the 
unidirectional ground excitation (longitudinal component of the 1989 Loma Prieta earthquake 
recorded at the Saratoga station, EQ2) having PGAs of 0.1g and 0.5g are plotted in Figure 3.29. 
In the case of a small earthquake of 0.1g PGA, the eccentricity in the x direction varies up to 2.5% 
of the plan dimension in the same direction (which is 375 mm), whereas the eccentricity in the y 
direction remains zero. Under an earthquake motion of 0.5g PGA, the eccentricity in the x 
direction can be as high as 8% of the plan dimension. This value is larger than the accidental 
eccentricity of 5% in most seismic codes. The instantaneous eccentricity tends to increase 
significantly as a few of the lateral load-resisting members start to yield. However, as the 
structure enters more into the inelastic range, the other members also experience huge 
deterioration in the lateral stiffness, causing a decrease in eccentricity. 
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(a) PGA of 0.1g (b) PGA of 0.5g 
Figure 3.29  Dimensionless eccentricity variation (single-story symmetric model, 
unidirectional earthquake excitation, EQ2) 
 
 The variation in the dimensionless eccentricities of the single-story symmetric model 
under the bi-directional earthquake motions (longitudinal component of the 1989 Loma Prieta 
earthquake recorded at the Saratoga station, EQ2) with varying intensity are shown in Figure 
3.30. Due to the bi-directionally input ground motions, the eccentricities vary in both directions. 
It is also noteworthy that the maximum eccentricity can be greater than the codified accidental 
eccentricity of 5%, and the maximum eccentricity does not occur in each direction 
simultaneously. 
  
(a) PGA of 0.1g (b) PGA of 0.5g 
Figure 3.30  Dimensionless eccentricity variation (single-story symmetric model, bi-
directional earthquake excitation, EQ2, [+L, +L]) 
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 Figure 3.31 shows the variation in the dimensionless eccentricities of the single-story 
mass-eccentric model with 5% inherent eccentricity in the y direction (ME5) under the 
unidirectional earthquake motion (EQ2) in the x direction. Under the earthquake motion of 0.5g 
PGA, the maximum increment of the eccentricity in each direction is also greater than the 5% 
accidental eccentricity adopted by various seismic codes.  
 
  
(a) PGA of 0.1g (b) PGA of 0.5g 
Figure 3.31  Dimensionless eccentricities variation (single-story mass-eccentric model, ME5, 
unidirectional earthquake excitation, EQ2) 
 
 
 The absolute eccentricity, which is the absolute distance between the centers of mass and 
stiffness, is calculated from the square root of the sum of the squares of the eccentricities, as 
introduced in Section 3.2.3. Figure 3.32 shows the absolute eccentricity variation of the single-
story symmetric model under the unidirectional earthquake motions (EQ2). It can be observed 
that the maximum absolute eccentricities do not occur at the same time as the peak of the input 
ground motion (7.06 sec). Similar results are also found in Figure 3.33, which illustrates the 
absolute eccentricity variation of the single-story mass-eccentric model (ME5) under the 
unidirectional ground motion (EQ2). 
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(a) PGA of 0.1g (b) PGA of 0.5g 
Figure 3.32  Absolute eccentricity variation (single-story symmetric model, unidirectional 
earthquake excitation, EQ2) 
 
  
(a) PGA of 0.1g (b) PGA of 0.5g 
Figure 3.33  Absolute eccentricity variation (single-story mass-eccentric model, ME5, 
unidirectional earthquake excitation, EQ2) 
 
 The eccentricity angle between the centers of mass and stiffness, introduced in Section 
3.2.3, gives information about where the center of stiffness is located with respect to the center 
of mass at each time step. An angle of zero degrees means that the centers of mass and stiffness 
are located on the same x-axis, while one of 90 degrees indicates that the center of stiffness is 
located along the positive y-axis with respect to the center of mass (see Figure 3.34). Figure 3.35 
displays the angle variation between the centers of mass and stiffness in the single-story mass-
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eccentric model (ME5) under the unidirectional earthquake motion (EQ2). As shown in Figure 
3.35 (a), it is initially 90 degrees and fluctuates between about 30 and 150 degrees. 
 
 
Figure 3.34  Center of stiffness movement with respect to center of mass and angle between 
them 
 
  
(a) PGA of 0.1g (b) PGA of 0.5g 
Figure 3.35  Eccentricity angle variation (single-story mass-eccentric model, ME5, 
unidirectional earthquake excitation, EQ2) 
 
 
3.6.3 Observed and Analytical Maximum Eccentricities 
Observed Maximum Instantaneous Eccentricity 
 Table 3.9 summarizes the averages of the observed maximum instantaneous eccentricities 
(supply) in single-story models, both symmetric and asymmetric, under the uni- and bi-
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 Four sets of the longitudinal components of natural earthquake ground motions records in 
Section 3.5.1 (EQ1~EQ4); 
 Two sets of the longitudinal components of artificially generated ground motion records 
in Section 3.5.2 (EQ5~EQ6); 
 Ten sets of the longitudinal components of ground motion records in Section 3.5.3 
(EQ7~EQ16). 
 
Table 3.9  Averages of observed maximum instantaneous eccentricities (supply) in single-
story models 
Input EQ PGA 
Maximum Eccentricities 
   (%) 
   (%) 
SE ME1 ME2 ME3 ME4 ME5 SE3 SE5 
Unidirectional 
0.1g 
2.52 
0.00 
2.52 
1.91 
2.48 
3.77 
2.48 
4.16 
2.36 
6.06 
2.33 
6.85 
2.59 
4.20 
2.48 
6.91 
0.3g 
3.46 
0.00 
2.99 
4.40 
2.88 
4.82 
2.84 
6.04 
2.81 
7.30 
2.80 
9.09 
3.06 
6.43 
3.65 
10.28 
0.5g 
7.52 
0.00 
7.01 
6.57 
6.93 
8.13 
6.83 
10.33 
6.86 
11.32 
7.01 
13.13 
7.14 
10.44 
8.47 
14.22 
0.7g 
8.47 
0.00 
8.30 
11.16 
7.81 
10.50 
8.04 
11.70 
7.84 
11.04 
8.27 
11.32 
8.23 
12.11 
9.14 
13.87 
Bi-directional 
[+L, +L] 
0.1g 
2.38 
1.75 
2.86 
2.40 
5.22 
3.56 
5.44 
4.67 
4.98 
5.55 
5.57 
8.32 
5.48 
4.71 
5.81 
9.40 
0.3g 
6.37 
4.16 
4.09 
6.70 
5.83 
7.81 
6.18 
7.83 
6.90 
8.04 
7.00 
10.05 
6.40 
8.99 
7.84 
11.71 
0.5g 
7.41 
5.75 
6.77 
7.30 
7.25 
8.96 
10.47 
11.15 
12.66 
14.57 
14.41 
15.06 
9.74 
12.01 
14.69 
15.43 
0.7g 
8.78 
6.81 
7.15 
8.73 
9.12 
9.77 
10.08 
12.00 
11.33 
14.84 
11.37 
15.19 
10.50 
12.49 
13.15 
14.92 
Bi-directional 
[+L, –L] 
0.1g 
2.37 
1.74 
2.90 
2.35 
5.24 
3.89 
5.93 
4.59 
5.05 
5.88 
5.69 
9.06 
5.44 
5.01 
5.91 
10.12 
0.3g 
6.35 
5.13 
6.49 
5.93 
6.08 
7.55 
7.48 
7.87 
7.18 
8.62 
7.61 
9.71 
7.42 
8.21 
8.41 
10.14 
0.5g 
7.51 
5.79 
7.97 
7.99 
8.10 
9.10 
9.73 
9.82 
12.17 
11.13 
13.12 
13.54 
9.84 
10.91 
13.70 
14.24 
0.7g 
8.34 
6.74 
8.74 
9.09 
8.31 
10.19 
9.34 
12.60 
10.18 
14.73 
11.99 
15.22 
11.31 
12.81 
13.46 
16.41 
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Analytical Maximum Instantaneous Eccentricity 
 In order to verify the method for estimating maximum instantaneous eccentricities 
(supply) proposed in Section 3.3.2, the average maximum instantaneous eccentricities observed 
in the single-story symmetric model are compared with those computed by the method. First, 
four idealized flexural rigidities (   ,    ,    ,    ) are determined after the section analysis of 
each column using Response 2000. Response 2000 is one of the advanced nonlinear sectional 
analysis programs for reinforced concrete elements (Bentz, 2000). Table 3.10 reports these 
values. Unloading flexural rigidity (   ) is assumed to be the same as the cracked flexural 
rigidity (   ). From the idealized flexural rigidities, the maximum instantaneous eccentricities 
(supply) of the single-story symmetric model under unidirectional earthquake excitation are 
computed as described in Section 3.3.2. The estimated values are listed in Table 3.11 below. 
 
Table 3.10  Computed idealized flexural rigidities 
                 
Lateral Stiffness 
(N/mm
2
) 
8342 7024 4913 7024 
 
Table 3.11  Estimated maximum instantaneous eccentricities (supply) of single-story 
symmetric model under unidirectional earthquake excitation 
PGA Status  
Estimated Maximum Eccentricity 
(%) 
0g All columns are intact 0 
0.01g 
Columns on one side are cracked 
while the others are intact 
4.29 
0.35g  
Columns on one side yield 
while the others are cracked 
8.84 
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 Figure 3.36 compares the observed maximum instantaneous eccentricities and those 
computed by the proposed method. As the columns on one side start to yield, an abrupt change in 
eccentricity occurs around a PGA of 0.35g. As shown in this figure, the proposed method can 
estimate the maximum instantaneous eccentricity (supply) in the structure fairly well. Also, the 
calculated value is the upper bound of the observed one. 
 
 
Figure 3.36  Comparison of observed and calculated instantaneous maximum eccentricities 
(supply) of single-story symmetric model under unidirectional earthquake 
excitation 
 
 The estimate of the maximum instantaneous eccentricity can be improved when the 
following correction factors are introduced. The correction factor     approximately accounts for 
errors caused by adopting the idealized tri-linear curve instead of the nonlinear moment-
curvature curve. The correction factor    approximately adjusts for the errors from the varying 
axial force during the earthquake event. The correction factor     reduces the errors from the 
decreasing unloading flexural rigidity under the cyclic loading. 
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 Figure 3.37 shows the improved estimate of maximum eccentricity. In order to get a more 
accurate estimate, a realistic, instead of idealized, moment-curvature curve considering the axial 
force effect is adopted. Also, more representative degrading flexural stiffness is utilized for the 
unloading rigidity. Figure 3.38 shows the amount of improvement between the first and revised 
estimates. 
 
 
Figure 3.37  Improved estimate of maximum eccentricities (supply) 
 
 
Figure 3.38  Comparison of the errors 
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3.6.4 Center of Stiffness Variation 
 The instantaneous location of the center of stiffness (resistance) can also be evaluated 
with the proposed method. Hereafter, some representative results and important findings are 
presented. 
 Figure 3.39 demonstrates the center of stiffness movement (blue dots in the figure) with 
respect to the center of mass (red dots in the figure) in the single-story symmetric models under 
the unidirectional earthquake excitation (longitudinal component of the 1989 Loma Prieta 
earthquake recorded at the Saratoga station, EQ2) with various PGAs. With the unidirectional 
ground excitation in the x and y directions, the center of stiffness moves back and forth along the 
same axis. Since initial yielding can occur in any of the side columns depending on the intensity 
of the input ground motion, the maximum center of stiffness can be located on either side with 
respect to the center of mass. It is important to note that there is a rapid increase in the maximum 
eccentricity from 0.3g to 0.5g, where the seismic response is transitioning from the elastic to the 
inelastic range as the column starts to yield. 
 
  
(a) Ground excitation in the x direction (b) Ground excitation in the y direction 
Figure 3.39  Center of stiffness movement with respect to center of mass (single-story 
symmetric model, unidirectional earthquake excitation, EQ2) 
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 Figure 3.40 shows the center of stiffness movement (blue dots in the figure) with respect 
to the center of mass (red dots in the figure) in the single-story symmetric model under the bi-
directional earthquake motions. A similar observation is made that an abrupt change in 
eccentricity occurs between PGAs of 0.2g and 0.3g as the column starts to yield. This is also true 
for single-story mass-eccentric model (ME4) under the unidirectional earthquake excitation of 
varying PGAs in the x direction, as shown in Figure 3.41. For easy comparison, the locus of 
center of stiffness is depicted as purple lines in the figure. 
 
  
(a) PGA of 0.1g (b) PGA of 0.2g 
  
(c) PGA of 0.3g (d) PGA of 0.4g 
Figure 3.40  Center of stiffness movement with respect to center of mass (single-story 
symmetric model, bi-directional earthquake excitation, EQ2, [+L, +L]) 
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(a) PGA of 0.1g (b) PGA of 0.3g 
  
(c) PGA of 0.5g (d) PGA of 0.7g 
Figure 3.41  Center of stiffness movement with respect to center of mass (single-story mass-
eccentric model, ME4, unidirectional earthquake excitation, EQ2) 
 
 Figure 3.42 compares the center of stiffness movement with respect to the center of mass 
plots for the different mass-eccentric models under the unidirectional earthquake excitation. In 
the case of the ME1 model, the center of stiffness (blue dots in the figure) mainly moves left and 
right with respect to the center of mass (red dots in the figure). However, in the ME5 model, the 
center of stiffness moves up and down considerably as well as left and right. As the inherent 
eccentricity in the y direction of the mass-eccentric models increases, the envelope of the center 
of stiffness movement (depicted as purple lines) tends to have a more circular shape.  
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(a) ME1 (b) ME2 
  
(c) ME3 (d) ME4 
Figure 3.42  Comparison of center of stiffness movements in various single-story mass-
eccentric models (unidirectional earthquake excitation, EQ2, PGA of 0.1g) 
 
 The effect of directional combination of the applied earthquake ground motions is shown 
in Figure 3.43. As the intensity of the earthquake increases, it is observed that the boundaries of 
center of stiffness (depicted as purple lines) change significantly. When the same longitudinal 
earthquake ground motion (EQ2) is applied in both directions, the directional combination [+L, 
+L] results in a wider center of stiffness movement than in the [+L, –L] combination case. This 
observation suggests that the directional combination effects should not be ignored when 
conducting seismic assessment of plan-irregular structures. 
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(a) PGA of 0.1g [+L, +L] (b) PGA of 0.1g [+L, –L] 
  
(c) PGA of 0.3g [+L, +L] (d) PGA of 0.3g [+L, –L] 
Figure 3.43  Effect of directional combination of input earthquake ground motions on center of 
stiffness movements (single-story mass-eccentric model, ME5, bi-directional 
earthquake excitation, EQ2) 
 
 Figure 3.44 shows the center of stiffness movement with respect to the center of mass of 
the four percent mass-eccentric model (ME4) under unidirectional earthquake motion (EQ2) in 
the x direction. As pointed out previously, an abrupt change in eccentricity is observed as the 
PGA increases from 0.3g to 0.5 g with the yielding of the column. Actually, the eccentricity 
variation is bounded in certain ranges (depicted as red boxes in Figure 3.44). These boundaries 
can be determined by using the proposed method of estimating analytical maximum 
eccentricities, as explained in Section 3.3.2 and Section 3.6.3. 
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(a) PGA of 0.1g (b) PGA of 0.3g (c) PGA of 0.5g 
Figure 3.44  Comparison of observed center of stiffness movements and estimated maximum 
eccentricities by using the proposed method (single-story mass-eccentric model, 
ME4, unidirectional earthquake excitation, EQ2) 
 
 Figure 3.45 (a) plots the instantaneous eccentricities versus the lateral reaction force in 
the mass-eccentric model (ME5) under the unidirectional earthquake motion (EQ2). As shown in 
this figure, the eccentricity increases to up to 12% and then decreases as the lateral force 
increases. Accordingly, as shown in Figure 3.45 (b), the center of rigidity moves toward the 
transient center of stiffness (CT) as the columns on the flexible side yield. Then the center of 
rigidity moves back to the center of strength (CR) as the other columns on the stiff side yield. 
 
 
 
(a) Eccentricity vs. lateral force (b) center of stiffness movement 
Figure 3.45  Movement of center of rigidity in inelastic range (single-story mass-eccentric 
model, ME5, unidirectional earthquake excitation, EQ2) 
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3.6.5 Effect of Rotational Ground Motion 
 In order investigate the effect of rotational ground motion on the inelastic torsional 
response of plan-irregular structures, ten sets of translational and rotational components of the 
selected ground motion records, as described in Section 3.5.3, are utilized. Some of the important 
results from the inelastic dynamic response-history analyses with and without rotational 
components are highlighted. 
 Figure 3.46 and Figure 3.47 shows the effect of rotational ground motion on the center of 
stiffness movements in the single-story symmetric and mass-eccentric models (ME4) under the 
earthquake excitation (EQ8) in Section 3.5.3. With the rotational ground motion, the maximum 
variation of the center of stiffness movement is noticeably increased. That is, maximum 
eccentricities get increased with rotational ground motion. For easy comparison, the locus of 
center of stiffness is depicted as purple lines in the figure. 
 
  
(a) With rotational motion (b) Without rotational motion 
Figure 3.46  Comparison of center of stiffness movements (single-story mass-eccentric model, 
ME4, with and without rotational ground motion, EQ8) 
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(a) With rotational motion (b) Without rotational motion 
Figure 3.47  Comparison of center of stiffness movements (single-story symmetric model, with 
and without rotational ground motion, EQ8) 
 
 Table 3.12 compares the average maximum instantaneous eccentricities shown in Figure 
3.46 and Figure 3.47. The rotational motion increases the observed maximum eccentricities in 
both directions. This is because rotational motion can significantly affect axial force variations in 
lateral load-resisting members. Also, it is observed that the increase in eccentricity of the 
eccentric models due to the rotational motion is more prominent than for the symmetric one. This 
observation suggests that plan-irregular structures are more influenced by rotational ground 
motions than a plan-regular (symmetric) model is. Thus, it is suggested to include rotational 
ground motion in seismic analysis, especially for plan-irregular structures. 
 
Table 3.12  Comparison of maximum eccentricities in single-story models with and without 
rotational ground motion 
Input 
EQ 
Analytical 
Model 
Maximum eccentricities 
   (%) 
  (%) 
Without 
rotational motions 
With 
rotational motions 
Increase 
(%) 
EQ8 
Symmetric  
3.71 
5.93 
4.37 
7.04 
+17.8 
+18.7 
Mass-eccentric 
(ME4) 
6.68 
10.40 
8.33 
13.2 
+24.8 
+26.9 
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3.6.6 Effect of Construction Materials 
 Observation of the instantaneous eccentricity variations in the symmetric models supports 
the position that initially plan-regular structures can behave like plan-irregular systems as they 
deforms during earthquakes. Thus, the “kinematic” or transient eccentricity introduced in this 
study is important in understanding the inelastic seismic response of both plan-regular and -
irregular structures. Particularly, kinematic eccentricity should be considered in plan-regular 
reinforced concrete structures, since the observed maximum eccentricity in the studied 
symmetric model indicates that it could be much higher than the code-defined accidental 
eccentricity of 5%. This is because concrete is highly susceptible to tension load, so a varying 
axial force can cause considerable change in the lateral stiffness. Figure 3.48 compares 
dimensionless eccentricity variations in plan-regular single-story moment frames of both steel 
and reinforced concrete. Since steel can withstand both tension and compression, the 
instantaneous eccentricity variation is not significant. The observed maximum eccentricities are 
reported in Table 3.13. 
 
 
 
(a) Steel frame (b) Reinforced concrete frame 
Figure 3.48  Dimensionless eccentricity variation in single-story symmetric, steel and 
reinforced concrete, moment frames (unidirectional earthquake excitation, EQ1, 
PGA of 0.5g) 
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Table 3.13  Comparison of maximum eccentricities in single-story symmetric, steel and 
reinforced concrete, moment frames (unidirectional earthquake excitation, EQ1, 
PGA of 0.5g) 
Studied Structure 
Maximum Eccentricity 
   (%) 
Steel Frame 0.163 
Reinforced Concrete Frame 10.9 
 
 
3.6.7 Global Drift Demand 
 Figure 3.49 compares the average maximum drift of the flexible- and stiff-side columns 
in the three-story symmetric and mass-eccentric models (in Section 3.4.2) under the sixteen sets 
of translational ground motion (in Section 3.5) with a PGA of 0.1g. The drift is expressed as the 
ratio of maximum displacement to the height of the structure. As shown in the figure, the drift 
demand for the members on the flexible side is larger than that for those on the stiff side. As the 
eccentricity in a structure increases, the drift demand for the flexible-side members decreases 
while that for the stiff-side members increases. That is, increasing eccentricity results in a more 
unbalanced drift demand for the lateral load-resisting members because of the more intense 
torsional response. However, as shown in Figure 3.49, as the intensity of the earthquake motion 
increases, the drift demand for the members on the stiff side, which are expected to benefit from 
torsional response, also increases. This increase is due to a decrease in the transient eccentricity. 
As the structure enters more into the inelastic range, the members on the stiff side also 
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experience a huge deterioration of lateral stiffness, causing a decrease in eccentricity. Table 3.14 
summarizes the average maximum drift demands depicted in the figures mentioned. 
 
  
(a) Stiff side (b) Flexible side 
Figure 3.49  Average maximum drift demand (three-story symmetric and mass-eccentric 
models, unidirectional earthquake motion, PGA of 0.1g) 
 
  
(a) Stiff side (b) Flexible side 
Figure 3.50  Average maximum drift demand (three-story symmetric and mass-eccentric 
models, unidirectional earthquake motion, PGA of 0.3g) 
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Table 3.14  Average maximum drift demand in three-story models (unidirectional earthquake 
motion) 
PGA 
Location of  
Column 
Average Maximum Drift Demand (%) 
Symmetric 
Model 
Mass-eccentric 
Model 
(3%) 
Mass-eccentric 
Model 
(5%) 
0.1g 
Stiff 
Side 
1
st
 story 0.86 0.77 0.65 
2
nd
 story 1.00 0.88 0.75 
3
rd
 story 1.18 1.08 0.91 
Flexible 
Side 
1
st
 story 0.86 0.98 1.06 
2
nd
 story 1.00 1.12 1.27 
3
rd
 story 1.18 1.43 1.69 
0.3g 
Stiff 
Side 
1st story 1.53 1.57 1.68 
2
nd
 story 1.83 1.98 2.09 
3
rd
 story 2.04 2.23 2.45 
Flexible 
Side 
1st story 1.53 1.74 1.84 
2
nd
 story 1.83 2.14 2.28 
3
rd
 story 2.04 2.44 2.65 
 
 
3.6.8 Eccentricity Demand and Dynamic Amplification Factor 
 One of the most important features of the proposed method is that it facilitates the 
calculation of eccentricity demand. In this study, eccentricity demand is defined as the ratio of 
maximum torsional reaction moment to maximum lateral reaction force. Since the instantaneous 
location of the center of stiffness (resistance) can be obtained, the total torsional moment about 
the center of resistance can also be evaluated. The ratio of this moment to the base shear can is 
 87 
referred to as the eccentricity demand. When the eccentricity demand is compared with the 
eccentricity supply, a dynamic amplification factor can be determined as 
  
       
       
 (3.29) 
 
 Figure 3.51 shows the dynamic amplification factors for the single-story mass-eccentric 
model (ME5) under the sixteen sets of translational ground motion (Section 3.5) with various 
PGAs. Each point in the figure represents the averaged values of the dynamic amplification 
factors from the sixteen sets of ground motion. The figure shows a large scattering in the 
calculated values. The maximum and minimum are 1.29 and 1.15 respectively, and the average 
of the averaged dynamic amplification factors for all PGA ranges is 1.23. A linear regression line 
of the plotted data and an equation is shown in the figure. 
 
 
Figure 3.51  Averaged dynamic amplification factors (single-story mass-eccentric model, ME5, 
unidirectional earthquake motion) 
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 The maximum and average dynamic amplification factors for all single-story models are 
computed in the same way. Table 3.15 summarizes those values. It is important to note that all 
values are equal to or less than 1.3. While the amplification factor of 1.3 derived from the results 
presented in this study are not compressively applicable to all types of reinforced concreted 
structures, it is utilized for the design code improvement in the following chapter. 
 
Table 3.15  Calculation of maximum and average of the average dynamic amplification 
factors 
Input EQ
*
 
Dynamic 
Amplification 
Factor,   
SE ME1 ME2 ME3 ME4 ME5 SE3 SE5 
Unidirectional 
x-dir. 
Max. 1.24 1.25 1.25 1.26 1.27 1.26 1.27 1.27 
Avg. 1.21 1.21 1.21 1.23 1.23 1.22 1.23 1.23 
z-dir. 
Max. - 1.25 1.27 1.27 1.28 1.29 1.25 1.30 
Avg. - 1.21 1.21 1.22 1.22 1.23 1.22 1.23 
Bi-directional 
[+L, +L] 
x-dir. 
Max. 1.26 1.26 1.28 1.29 1.29 1.30 1.29 1.31 
Avg. 1.23 1.23 1.24 1.23 1.24 1.25 1.24 1.24 
z-dir. 
Max. 1.28 1.28 1.29 1.30 1.29 1.32 1.28 1.33 
Avg. 1.23 1.23 1.22 1.23 1.24 1.24 1.22 1.24 
* Input earthquake ground motions (16 sets in Section 3.5) are scaled from 0.05g to 0.6g 
(0.05g increments), and are applied in the x direction. 
 
 
3.6.9 Conclusions 
 The following conclusions are drawn from the results presented above: 
 From the elastic dynamic analysis of plan-irregular systems, this study verifies the critical 
parameters which control the lateral-torsional behavior of the plan-irregular structures. 
Those parameters are the ratio of uncoupled torsional frequency to uncoupled lateral 
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frequency ( ), uncoupled lateral period (   ), inherent eccentricity (  ), the ratio of 
inherent eccentricity to radius of gyration of the mass about the center of stiffness (     ), 
and the modal damping (  ). Among these parameters, the eccentricity between the 
centers of mass and stiffness is the most important one since torsional response is caused 
fundamentally by it. 
 The instantaneous location of the center of resistance and temporal eccentricity variations 
in structures during an earthquake event can be successfully obtained with the assistance 
of the proposed inelastic stiffness evaluation method. 
 The varying axial force due to the overturning moments can significantly change the 
lateral stiffness of the reinforced concrete column. Thus, a considerable variation in 
eccentricity is observed even when none of the lateral load-resisting columns yield. In the 
single-story symmetric model under the unidirectional ground excitation (EQ2) of 0.1g 
PGA, a maximum eccentricity of 2.5% in the direction of the earthquake shaking is 
observed without the yielding of the column. Since the eccentricity is detected in the 
symmetric system as it moves under the dynamic load, plan-regular symmetric systems 
can be classified as kinematically plan-irregular. 
 The maximum observed eccentricities in the single-story symmetric models under the 
unidirectional earthquake motions (EQ2) of 0.3g and 0.5g PGA are 3.5% and 7.5%, 
respectively. Under the motions, maximum eccentricities in the direction perpendicular to 
that of the input earthquakes are 9.1% (+4.1%) and 13.1% (+8.1), respectively, in the 
mass-eccentric model with the inherent eccentricity of 5% of the plan dimension in the 
direction perpendicular to the input earthquake motion. Since most of the current design 
codes take torsional effects into account by introducing 5% accidental eccentricity, the 
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inelastic torsional behavior of kinematically plan-irregular structures can be 
underestimated or overestimated by design codes, depending on the intensity of the input 
ground motion. 
 As the intensity of the input ground motion increases, the maximum eccentricity also 
generally increases. In the single-story symmetric models under the unidirectional 
earthquakes (EQ2) of 0.1g, 0.3g, 0.5g, and 0.7g, maximum eccentricities are 2.5%, 3.5%, 
7.5%, and 8.5%, respectively. There is a rapid increase in the maximum eccentricity from 
0.3g to 0.5g, where the seismic response is transitioning from the elastic to the inelastic 
range as the column starts to yield. 
 Under the unidirectional earthquake motion, as the inherent eccentricity of the mass-
eccentric model increases, the envelope of the center of stiffness movement with respect 
to the center of mass changes gradually from a horizontal bar shape to a more circular 
shape. Such an observation suggests that a mass-eccentric system with a greater initial 
eccentricity experiences more variation of the instantaneous eccentricity in the direction 
of the initial eccentricity. 
 Under the bi-directional earthquake excitations, the directional combination of two 
orthogonal components notably affects the inelastic torsional response of the plan-
irregular systems. The differences caused by different combinations of input ground 
motion components becomes substantial when resisting columns start to yield. 
 The rotational components of earthquake ground motions can significantly increase the 
maximum instantaneous eccentricity in both initially symmetric and eccentric structures. 
This observation implies that the torsional response of plan-irregular structures can 
change considerably with rotational motions. Thus, for more realistic and accurate 
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seismic assessment of plan-irregular structures, rotational components should be 
considered. 
 The observed maximum eccentricities (supply) from the inelastic dynamic response-
history analysis can be successfully estimated by the proposed method. Comparison of 
the observed and estimated maximum eccentricities confirms that the analytical 
maximum eccentricity is the upper bound of the observed one. 
 Maximum eccentricities are observed when one or a few of the lateral load-resisting 
members yield. Since the stiffness eccentricity and strength eccentricities are used when 
all lateral load-resisting members are either elastic or plastic, respectively, they cannot 
give enough information to assess the inelastic torsional response of plan-irregular 
systems. Rather, the eccentricities, obtained when one or a few of the lateral load-
resisting member become inelastic, can provide important information to better 
understand the transient inelastic torsional response of plan-irregular structures in general. 
 The kinematic eccentricity introduced in this study should be considered particular for 
reinforced concrete structures since it could be much higher than the code-defined 
accidental eccentricity of 5%. This is due to the fact that concrete is highly susceptible to 
tension load. The axial force variation due to the overturning movement can considerably 
change the lateral stiffness, causing an increase in eccentricity. 
 Generally, the lateral load-resisting members on the flexible side are unfavorably affected 
by torsional response while those on the stiff side are beneficially affected. This is 
supported by the fact that the drift demand for the members on the flexible side is 
observed to be larger than that for those on the stiff side. 
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 As the intensity of the earthquake motion increases, the drift demand for the lateral load-
resisting members on the stiff side increases because of a decrease in the transient 
eccentricity. As the structure passed further into the inelastic range, the stiff-side 
members also experience a huge deterioration of lateral stiffness, causing a decrease in 
eccentricity. 
 The dynamic amplification factor, defined as the ratio of eccentricity demand to 
eccentricity supply, can be computed with the proposed method. Its calculated maximum 
value is 1.3, which can be utilized for further code development. 
 
 
3.7 Summary and Discussion 
 This chapter extensively investigates the inelastic seismic response of reinforced concrete 
structures, both plan-regular and -irregular. Since much recent research highlights the need to use 
more detailed models, all analyses and evaluations have been conducted with the detailed, three-
dimensional, inelastic models created in an advanced and verified nonlinear analysis tool, ZEUS-
NL from Mid-America Earthquake (MAE) Center. In contrast to previous research, this study 
examines the inelastic torsional response during an earthquake event through temporal 
eccentricity variation. 
 In order to obtain the instantaneous location of the center of resistance in the inelastic 
range, a new method which can evaluate the inelastic stiffness of lateral load-resisting members 
is proposed. By utilizing this method, the temporal variations of inelastic lateral stiffness, center 
of stiffness, and instantaneous eccentricity can be successfully evaluated. The observed 
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maximum instantaneous eccentricities are reported, and a method which can estimate the upper 
bound of them is developed and verified. Also, this study enables the calculation of the 
eccentricity demand, as well as the dynamic amplification, defined as the ratio of eccentricity 
demand to supply. The eccentricity demand is calculated as the ratio of maximum torsional 
reaction moment to maximum lateral reaction force. Additionally, the effects of torsional ground 
motion and construction materials are studied. 
 One important observation is that maximum instantaneous eccentricities occur when one 
or a few of the lateral load-resisting members yield. Also, the observed maxima are shown to be 
higher than the design accidental eccentricities used in current seismic codes for both plan-
regular and -irregular structures. This implies that the current provisions could considerably 
underestimate the seismic torsional response of plan-regular and -irregular structures. Thus, it is 
recommended to utilize more realistic eccentricities for the seismic torsional design of structures, 
such as transient eccentricities, defined as the eccentricities occurring when one or a few of the 
lateral load-resisting members yield. In the following chapter, an improved seismic design 
method is proposed which employs the transient eccentricity and dynamic amplification factors 
presented in this chapter. 
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CHAPTER 4  
PROPOSAL FOR SEISMIC DESIGN CODE MODIFICATION 
 
 
4.1 Introduction 
 Most of the current seismic design codes take torsional effects into account by 
introducing design eccentricities. However, many recent studies point out inadequacy of current 
code-defined values since those are based on the results of unrealistic models (Stathopoulos and 
Anagnostopoulos, 2003, 2004, 2005; Anagnostopoulos et al., 2010). Thus, it is not surprising 
that many research frequently reported that irregular structures designed with the current seismic 
provisions did not perform well during earthquake events. Consequently, there have been a large 
number of concurrent research efforts to improve code-defined design eccentricities and further 
code-allowed analysis methods. 
 This chapter aims to develop a more improved design procedure for plan-irregular 
structures. Whereas current design eccentricities only use the stiffness eccentricity in their 
calculation, which is adequate only for the elastic response range defined when the lateral load-
resisting members remain intact, this study proposes to utilize transient eccentricities defined 
when one or a few of the lateral load-resisting members yield. To validate the proposed method, 
inelastic dynamic response-history analyses, equivalent lateral force analyses with code-defined 
eccentricities, and proposed static analyses with transient eccentricities are conducted and the 
results are compared. 
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4.2 Problem Statement and Proposed Method 
 The current torsional provisions in seismic design codes allow static analyses of irregular 
structures considering the torsional moment caused by the design eccentricities. As per 
ASCE/SEI 7-05 (American Society of Civil Engineers/Structural Engineering Institute Standard 
7), a primary design eccentricity for the lateral load-resisting members on the flexible side, 
which are expected to be unfavorably affected by torsional response is expressed as 
             (4.1) 
where    is the inherent eccentricity between the centers of mass and stiffness, and    is an 
accidental eccentricity to account for the difference between the computed and actual values of 
the centers of mass and stiffness, an unpredictable spatial distribution of the live load, and an 
effect of the rotational component of the ground motion. A secondary design eccentricity for the 
members on the stiff side, which are expected to be beneficially affected by torsional response, is 
similarly expressed as 
             (4.2) 
where    is the inherent eccentricity and    is the accidental eccentricity, previously defined. 
ASEC/SEI 7-05 adopts an accidental eccentricity of 5% of the plan dimension, and it can get 
amplified up to three times depending on the intensity of torsional response. However, the 
inherent eccentricity, which is the stiffness eccentricity, does not get amplified or reduced. This 
means that dynamic effects which can produce an amplification of torsional moments in 
structures are entirely accounted for by the accidental eccentricity. 
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 However, since the accidental eccentricity is originally introduced to consider 
unpredictable sources of eccentricity such as unpredictable spatial distributions of live load, it is 
not appropriate to increase this value to account for the dynamic effects which can be predicted. 
 
 Thus, this study proposes the following forms of design eccentricity: 
           (4.3) 
           (4.4) 
where    is the transient eccentricity,    is the accidental eccentricity and   is the dynamic 
amplification factor for the transient eccentricity. 
 The proposed transient eccentricity    is 
 Service limit state: maximum value among the eccentricities for which only one or a few 
of the lateral load-resisting members are cracked while the others remain intact; 
 Damage control limit state: maximum value among the eccentricities for which only one 
or a few of the lateral load-resisting members yield while the others are cracked; 
 Collapse prevention limit state: maximum value among the eccentricities for which only 
one or a few of the lateral load-resisting members yield while the others are cracked or all 
the lateral load-resisting members yield. 
These transient eccentricity values can be analytically computed from the proposed method in 
3.3.2. As a dynamic amplification factor   for those values, 1.3 is proposed, as stated in Section 
3.6.8. 
 This study proposes to use this new definition of design eccentricity in the code-defined 
static analysis, equivalent lateral force (ELF) method. In the following chapter, a comparison is 
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made of the results from inelastic dynamic response-history analyses, equivalent lateral force 
analyses with code-defined eccentricities, and the proposed static analyses with transient 
eccentricities. 
 
 
4.3 Application and Comparison 
 In order to verify the proposed method, the results of inelastic dynamic response-history 
analyses are compared with those of equivalent lateral force analyses using the design 
eccentricities proposed in the previous section.  
 
4.3.1 Analytical Models 
 The structures used for analysis are single-story, both plan-regular and -irregular, 
reinforced concrete frames. The length of the bay in the longitudinal and transverse directions is 
5 m and the height of the frame is 3 m, as shown in Figure 4.1. Three-dimensional analytical 
models of the moment frames are created in the nonlinear finite element analysis (FEA) program 
ZEUS-NL (Elnashai et al., 2010), as shown in Figure 4.2. Two analytical models are utilized, 
which are symmetric and two percent mass-eccentric models. The mass-eccentric model is 
obtained from the symmetric one by simply distributing the mass asymmetrically. 
 
 98 
 
 
(a) Plan view (b) Elevation view 
Figure 4.1  Studied single-story reinforced concrete frame model 
 
 
Figure 4.2  Finite element model created in ZEUS-NL 
 
 
 
4.3.2 Input Ground Motion 
 Ten horizontal ground motion records are selected for the inelastic dynamic response-
history analysis. When evaluating the performance of the structures, it is important to include a 
sufficient number of ground motions which can represent a hazard well. A study indicated that 
10 sets of ground motions yielded median response spectra that closely matched the uniform 
hazard spectra in the elastic and inelastic ranges with coefficient of variation of less than 10% 
(Wen and Wu, 2001). Based on the results by Wen and Wu, it was decided to employ ten ground 
motion records in the parametric studies. The selected motions are synthetic uniform hazard (10% 
5 m
5
m
3
 m
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in 50 years) ground motions for Memphis, Tennessee, based on the “representative” soil profile. 
Detailed descriptions of them are given in Mid-America Earthquake (MAE) Center Report by 
Wu and Wen (2003). Figure 4.3 shows the simulated ground motion records. The response 
spectra of them are shown in Figure 4.4. Each of them is scaled to have PGAs of 0.1, 0.3 and 
0.5g. 
 
 
Figure 4.3  Simulated ground motions 
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Figure 4.4  Response spectra of selected records 
 
 
 
4.3.3 Comparison of Analysis Results 
 Using the models described in Section 4.3.1, the following analyses are conducted: 
 Inelastic dynamic response-history analysis; 
 Equivalent lateral force analysis with code-defined design eccentricities; 
 Equivalent lateral force analysis with the proposed design eccentricities. 
 
 First, inelastic dynamic response-history analyses are carried out with ten earthquake 
records (see Section 4.3.2), having peak ground accelerations (PGA) of 0.1, 0.3 and 0.5g. Second, 
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according to the 2009 IBC (International Building Code). Third and lastly, equivalent lateral 
force (ELF) analyses with the modified design eccentricities proposed in the previous section are 
carried out. Some representative results are selected and presented hereafter. 
 Table 4.1 reports the maximum ductility demands of the mass-eccentric model (see 4.3.1) 
obtained from the inelastic dynamic analysis, static analysis with code-defined design 
eccentricities, and static analysis with the proposed design eccentricities. Ductility demand is 
defined as the maximum inelastic displacement divided by the yield displacement. The 
percentages in the table show the differences in the ductility demand values. As the intensity of 
the earthquake increases, the code-defined static analysis increasingly underestimates the 
ductility demand. The proposed analysis method gives more conservative and accurate values, as 
also shown in Figure 4.5. This indicates that the proposed method is effective and reliable. 
 
Table 4.1  Maximum ductility demand obtained from inelastic dynamic analysis, code-
defined static analysis, and proposed static analysis (2% mass-eccentric model) 
PGA 
Inelastic 
Dynamic Analysis 
Code-defined 
Static Analysis 
Proposed 
Static Analysis 
0.1g 1.21 
1.34 
(+10.7%) 
1.29 
(+6.6%) 
0.3g 2.36 
1.98 
(-16.1%) 
2.48 
(+5.1%) 
0.5g 2.98 
2.43 
(-18.5%) 
3.14 
(+5.4%) 
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Figure 4.5  Comparison of maximum ductility demand obtained from dynamic and static 
analyses 
 
 
 
4.4 Summary and Discussion 
 In this chapter, the problem of the current seismic torsional provisions is indicated, and a 
new effective design method is proposed and verified. The current design code allows static 
analysis methods utilizing design eccentricity. However, the design eccentricity in the code only 
utilizes inherent (initial) eccentricity. This eccentricity is calculated by using the elastic stiffness 
of the lateral load-resisting members; it is adequate only for the elastic response range defined 
when the lateral load-resisting members remain intact. Thus, this study proposes to utilize 
transient eccentricities defined when one or a few of the lateral load-resisting members yield. In 
order to verify the effectiveness of the proposed method, inelastic dynamic response-history 
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different analysis methods, it is proved that the proposed one is a valid and effective design 
method. 
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CHAPTER 5  
INTEGRATION OF SEISMIC ASSESSMENT AND DESIGN 
 
 
5.1 Introduction 
 In a traditional structural design process, structural engineers convert on an architectural 
design into a structural one, and generate specialized structural models depending on the purpose 
of the structural analysis. Consequently, the traditional design process results in multiple 
architectural and structural models, requiring close attention to keep them in sync (Autodesk, 
Inc., 2007). If these models are not consistent at a given time, a serious problem could occur. For 
instance, if after extensive seismic analyses a structural engineer changes some structural 
members in his or her analytical model but the architectural model is not updated 
correspondingly, the analytical representation will not match the physical one. In such a case, 
subsequent analyses using other analytical models generated from the outdated architectural one 
will be invalid. Thus, thorough consistency is the key issue in the structural design process. 
 To overcome concerns caused by the inherent deficiency in the traditional design process, 
this chapter introduces the concept of how a seamless interaction can be achieved between the 
structural design and analysis processes. Accordingly, an integrated seismic assessment and 
design framework is proposed which ensures a closed loop of adjustment and assessment in the 
design process. The proposed framework enables the pursuit of more reliable designs, especially 
for plan-irregular structures, which need more iterative design and analysis processes. 
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5.2 Proposed Integrated Seismic Assessment and Design Framework 
 In order to ensure the fine-tuning of a design, a seamless interaction should be guaranteed 
between the structural analysis and design software packages. This can be done by developing a 
bi-directional link interface, which can transfer data from the design software package into the 
structural analysis software package and vice versa. 
 In this study, one of the innovative Building Informational Modeling (BIM) software 
packages, Revit Structure from Autodesk, was employed as the design tool, while one of the 
most advanced structure analysis packages, ZEUS-NL from Mid-America Earthquake (MAE) 
Center, was utilized as the structural analysis tool. Then a bi-directional linking module named 
ZeusNLRevitLink was developed to communicate between them. With the help of this module, 
data can be transferred in both directions without any loss of information. The basic concept of 
the integration of structural design and analysis proposed in this study is shown in Figure 5.1. 
 
Figure 5.1  Concept of integration of structural design and analysis 
 
 Figure 5.2 shows a proposed seismic assessment and design platform for plan-irregular 
structures. With the help of the advanced bi-directional link interface described in Section 5.3, 
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the proposed framework can integrate seismic assessment and the design process. Upon this 
framework more reliable and efficient seismic design and analysis for plan-irregular structures 
can be pursued, with the assistance of the advanced and improved seismic assessment and design 
guidelines developed in the previous chapters and the torsional response prediction tool 
explained in Section 5.4. 
 
 
Figure 5.2  Proposed integrated seismic assessment and design framework for irregular 
structures 
 
 A design approach based on the proposed framework is suggested below: 
 Import sets of components from the design software and generate a structural model; 
 Run a inelastic dynamic analysis and assess the inelastic seismic response with the help 
of the torsional response prediction tool; 
 Export the results to the design software with instructions for which components need 
adjustment and how; 
 Find suitable components from its library to add in the design software; 
 Import into a inelastic dynamic analysis again; 
 Iterate the above procedure until the pre-defined criteria are satisfied. 
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 This development of the integrated seismic assessment and design framework through the 
advanced linking module offers a number of advantages: 
 The elimination of inconsistencies in the structural design process; 
 Easy access to various analytical models; 
 The capability of considering non-structural as well as structural members, confirming 
better and more realistic analytical models and analysis results; 
 Reduction in analysis time, by storing basic dynamic characteristics after an analysis and 
omitting repeated analyses; 
 Efficiency in the design process; 
 The visualization capability to check structural analysis results in a three-dimensional 
design software, providing better understanding of the behavior of the structures to 
designers/engineers and owners/decision-makers. 
 
5.2.1 Building Information Modeling (BIM) Software 
 In National Building Information Modeling Standard (NIBS, 2007), Building Information 
Modeling, often abbreviated as BIM, is defined as: 
A BIM is a digital representation of physical and functional characteristics of a facility. 
As such it serves as a shared knowledge resource for information about a facility forming 
a reliable basis for decisions during its lifecycle from inception onward. 
BIM is a new approach of building design and documentation methodology and the latest 
software technology. It stores all of the building design-related information in its database. Then 
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the stored and processed information can be utilized in various formats such as drawing 
documents or data for analytical model generation. 
 There are several commercial BIM solutions, of which five are: 
 ArchiCad from Graphisoft (http://www.graphisoft.com/); 
 Bentley Architecture from Bentley Systems (http://www.bentley.com/); 
 Digital Project from Gehry Technologies (http://www.gehrytechnologies.com/); 
 Revit Structure from Autodesk (http://www.autodesk.com/); 
 Tekla Structures from Tekla (http://www.tekla.com/). 
Among those, Revit Structure from Autodesk is utilized in this study because it is one of the 
most used versions. The survey results by AECbytes (2007), as shown in Figure 5.3, indicate that 
the most popular BIM solution is the Revit BIM package. This survey was based on 651 
respondents among 5,486 invited subscribers from architecture, engineering and construction 
firms. 
 
Figure 5.3  BIM solutions currently being used or evaluated (multiple choices allowed), 
after: (AECbytes Special Report, 2007) 
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 Autodesk’s Revit Structure (http://usa.autodesk.com/revit/structural-design-software/) is 
one of the innovative BIM software packages (Autodesk, Inc., 2009). It enables the creation of a 
single analytical model for all structural analysis and design. However, it does not perform 
structural analysis; instead, it integrates with several popular third-party analysis applications 
through the Revit API (Application Programming Interface) (Autodesk, Inc., 2009). 
 
5.2.2 Structural Analysis Software 
 There are wide varieties of structural analysis software, such as ABAQUS, SAP2000, 
ZEUS-NL, and so on. Depending on the analysis purpose, one may give more accurate results 
than the others. Among them ZEUS-NL, the analysis and simulation platform of Mid-America 
Earthquake (MAE) Center (http://mae.cee.illinois.edu/), is utilized in this study. 
 ZEUS-NL is a fiber element-based nonlinear analysis program. It is one of the most 
advanced structure analysis packages, specifically for earthquake engineering applications. The 
program is capable of representing spread of inelasticity within the member cross-section and 
along the member length utilizing the fiber analysis approach. ZEUS-NL has become open source 
as of November 1, 2010 (http://code.google.com/p/zeus-nl/). 
 According to ZEUS-NL User Manual (Elnashai et al., 2010), its capabilities are 
summarized as follows: 
 ZEUS-NL can be used to predict the behavior of structures under static or dynamic 
loading, taking into account both geometric and material nonlinear behavior; 
 Accurate concrete and steel material models are available, together with a large library of 
three-dimensional elements that can be used with a wide choice of steel, concrete and 
composite section configurations; 
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 The applied loading can be constant or variable forces, displacements and accelerations; 
 It provides an easy and efficient way to run accurate inelastic dynamic response-history, 
conventional and adaptive pushover, and eigenvalue analysis. 
 
5.2.3 Link Interface 
 Revit Structure is linked to several structural analysis software packages via its API 
(Application Programming Interface) (Autodesk, Inc., 2007), including: 
 ADAPT-Builder from ADAPT Corp; 
 ETABS from Computers and Structures, Inc. (CSI); 
 Fastrak Building Designer from CSC; 
 GSA from Oasys; 
 RISAFloor/RISA-3D from RISA Tech.; 
 ROBOT Millennium from Robobat; 
 SOFiSTiK Structural Desktop Suite from SOFiSTiK AG; 
 SOFTEK Structural Office from SOFTEK. 
 
 However, current linking modules have limited capabilities. Even though they are able to 
export structural components from Revit Structure to their structural analysis packages, most of 
them can generate only one analytical model in a pre-defined manner. That is because they do 
not provide various exporting options for structural components. More importantly, most of the 
existing linking modules are incapable or only partially capable of exporting non-structural 
components, including infill walls, which can affect the overall seismic response of a structure. 
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 In this study an advanced bi-directional link interface between Revit Structure and ZEUS-
NL is developed which can overcome the previously discussed shortcomings of the existing 
linking tools. The new linking module can export/update non-structural as well as structural 
components, and support various exporting/updating options. Thus, with the help of this 
advanced linking tool, any structural and non-structural members that can affect the overall 
dynamic behavior of a structure in Revit Structure software can be exported to ZEUS-NL, 
updated, and imported back, as illustrated in Figure 5.4. 
 
 
Figure 5.4  Proposed advanced bi-directional link interface between Revit Structure and 
ZEUS-NL 
 
 
 
Export to ZEUS-NL
Update Revit Model
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5.3 Advanced Bi-directional Link Interface – ZeusNLRevitLink 
 As previously discussed, the development of robust communication tool between 
structural design and analysis software packages is required to achieve a seamless integration of 
seismic assessment and design processes. Especially for plan-irregular structures, the link 
interface needs to provide the functionality of exporting/updating the non-structural components, 
which often contribute substantially to the mass and stiffness of a structure, as well as the 
structural components. In this study, an advanced bi-directional link interface, referred to as 
ZeusNLRevitLink, is developed, which can support various exporting/updating options for both 
the structural and non-structural components. 
 
5.3.1 Autodesk Revit Structure API 
 Revit Structure API (Application Programming Interface) 2009 is utilized for the 
development of the link interface. The Revit Structure API has evolved considerably over time, 
and the 2009 version possesses nearly all the functionalities needed to develop the advanced link 
interface discussed previously. It provides a way to query, and to change and create components 
in the Revit Structure. 
 
5.3.2 Programming Tools 
 To edit and debug the API application, Microsoft Visual Studio 2005 is used as an 
interactive development environment. Development with the Autodesk Revit API requires 
referencing two DDLs (Dynamic-Link Libraries): RevitAPI.dll and RevitAPIUI.dll. Autodesk 
Revit has a .NET API so that any of the .NET compliant programming languages (C#, VB.NET, 
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F#, etc.) can be used to develop a plug-in (Autodesk, Inc., 2009). In this study, the interface is 
coded with the C# programming language. 
 
5.3.3 Proposed Link Interface 
Exporting/Updating Tools 
 ZeusNLRevitLink, the advanced bi-directional link interface, is developed by using 
ExternalCommand in Revit API (Autodesk, Inc., 2009). It appears in “Tool” under a submenu 
labeled “External Tools”. There are two commands: 
 Export Tool (Revit to ZEUS-NL) 
o A structural model from Revit Structure is exported to ZEUS-NL 
 Update Tool (ZEUS-NL to Revit) 
o A structural model in Revit Structure is updated from ZEUS-NL 
Figure 5.5 depicts exporting/updating tools implemented in Revit Structure. 
 
Figure 5.5  Implemented linking module in Revit Structure 
 
Communication Interface 
 Figure 5.6 shows how the link interface communicates between Revit Structure and 
ZEUS-NL. The ZeusNLRevitLink export tool accesses the information/data about the structural 
and non-structural components of a structural model in Revit Structure, mines them, and writes 
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an appropriate input file which can be read by the analysis software, ZEUS-NL. Using different 
exporting options in the export tool, various analytical models can easily be created from the one 
physical model in the design software. The update tool works in the opposite way. It interprets 
the data in the ZEUS-NL, converts them into the format which can be recognized by Revit API, 
and then modifies the structural and non-structural components in Revit Structure. The modified 
components are highlighted, which allows designers to check them easily. This is possible due to 
the powerful visualization tool provide by Autodesk’s Revit Structure. The update tool can not 
only modify/update the information/data originally existing in Revit Structure, but also 
create/store any kind of information/data in it. This means that a structural analysis program can 
store any useful information/data from an analysis, such as dynamic characteristics of a structure. 
This could be very beneficial for a structural design, since a repeat of the analysis is unnecessary; 
furthermore, the stored data can be re-utilized for subsequent analyses. 
 
Figure 5.6  Flow chart of communication interface 
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Mechanics of Application 
 The interface ZeusNLRevitLink is developed with C# programming language, and is built 
as a DDL (Dynamic-Link Library) with the compiler in Microsoft Visual Studio 2005. It consists 
of nine components: 
 CommandLink: main command; 
 Material: manages material-related data; 
 Section: manages element section-related data; 
 ElementClass: manages element-related data; 
 Node: manages node-related data; 
 Connectivity: manages element connectivity-related data; 
 Support: manages structural restraint-related data; 
 Load: manages load-related data; 
 Utils: provides all necessary functions. 
 
 Figure 5.7 shows how ZeusNLRevitLink is constructed with several components, which 
take care of specific tasks. For instance, the Material component handles all material-related 
information, such as Young’s modulus and yield strength. Utils provides all the necessary 
functions, including Revit API functions and user-defined functions, used in the other 
components. Each component is directly related to the following modules (pages) in ZEUS-NL: 
Materials, Sections, Element Classes, Nodes, Element Connectivity, Restrains, and Applied 
Loading. This feature makes it easy to understand the algorithms as well as to maintain/update 
the interface. 
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Figure 5.7  Visual C# coding diagram 
 
 
5.4 Torsional Response Prediction Tool 
 Since this study focuses on plan-irregular structures, a torsional response prediction tool, 
providing guidance for assessment and design that addresses damaging torsional effects, was 
developed. It provides the following features: 
 Graphical display of inelastic stiffness variation in lateral load-resisting members; 
 Graphical display of instantaneous centers of stiffness and mass location; 
 Graphical display of eccentricity variation; 
 Textual display of analytical maximum eccentricity; 
 Textual display of comparison between observed and analytical maximum eccentricities; 
 Textual display of suggested seismic assessment and design guidelines. 
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 The torsional perdition tool application is developed in MATLAB from Mathworks Inc. 
Figure 5.8 is the graphical display of variations in the inelastic lateral stiffness of a lateral load-
resisting member and the eccentricity in a structure under an earthquake event, using the 
developed tool. 
 
 
(a) Inelastic lateral stiffness variation 
 
(b) Eccentricity variation 
Figure 5.8  Graphical display functionality provided by developed torsional response 
prediction tool 
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 This tool is very useful for analyzing and designing plan-irregular structures, since it can 
monitor eccentricity variation under dynamic loads, provide the analytical maximum eccentricity, 
and suggest effective eccentricities for the design. As discussed in the previous chapters, since 
the eccentricity between the centers of stiffness and mass in a structure generates torsional 
motion, evaluating the eccentricity variation is essential for achieving a better torsional design. 
 
 
5.5 Verification Example 
 As illustrated in previous sections of the current chapter, an integrated seismic 
assessment and design framework especially for plan-irregular structures is proposed and all 
necessary tools are developed. To achieve the seamless integration of seismic assessment and 
design, a robust bi-directional link interface between the seismic design and assessment software 
packages is established. This interface tool is expanded to provide advanced exporting/updating 
options for structural and non-structural components. Also, a torsional response prediction tool is 
developed. It provides several unique functions which are necessary for the better seismic 
assessment and design of plan-irregular structures. 
 To verify the proposed framework and developed tools, a three-story, two-bay 
(longitudinal) by one-bay (transverse), reinforced concrete frame is utilized. The length of the 
bay in the longitudinal and transverse directions is 4 m and the height of the frame is 3 m. It is 
designed to have five percent eccentricity in each story; it has a symmetric stiffness distribution, 
while mass is distributed asymmetrically. This structure is first created in Revit Structure. Then, 
using the advanced bi-directional link interface developed, an analytical model is generated in 
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ZEUS-NL, as shown in Figure 5.9. Since the link interface provides various exporting options, 
users could create as many different analytical models as they want. For instance, users can 
choose to include and exclude the weight of the non-structural components, by which they could 
obtain two different analytical models, one having greater mass than the other. 
 
(a) Structural model in Revit Structure 
 
(b) Analytical model exported from Revit Structure to ZEUS-NL 
Figure 5.9  Analytical model generation from structural model in Revit Structure using 
developed advanced bi-directional link interface 
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 Using the analytical model generated in ZEUS-NL, inelastic dynamic response-history 
analyses are carried out with ten earthquake records, as described in Section 4.3, having peak 
ground accelerations of 0.1g, 0.3g and 0.5g. With the help of the torsional response prediction 
tool, eccentricity variations and maximum eccentricities can be evaluated successfully. Also, 
equivalent lateral force (ELF) analyses, the code-allowed static analysis procedure, are 
conducted: with the design eccentricities adopted in 2009 IBC (International Building Code) and 
with the effective design eccentricities proposed in Section 4.2. The results from the current and 
proposed static procedures are compared with those from the dynamic analyses in Table 5.1. As 
the intensity of an earthquake increases, the code-defined static analysis increasingly 
underestimates the ductility demand for both flexible- and stiff-side members. Thus, it can be 
expected that the structure designed with this misjudged ductility demand will not perform well 
during an earthquake event. On the other hand, the proposed analysis method gives a better 
estimate of the ductility demand for the members both sides. Furthermore, because it estimates 
higher values than those from the inelastic dynamic analysis, the proposed method is more 
conservative and safe than the code-defined static method. This proves the validity and 
superiority of the proposed method as described in Section 4.3.  
 
Table 5.1  Comparison of average maximum ductility demand for flexible-side members in 
the first story from inelastic dynamic analysis, code-defined static analysis, and 
proposed static analysis 
PGA 
Inelastic 
Dynamic Analysis 
Code-defined 
Static Analysis 
Proposed 
Static Analysis 
0.1g 1.78 1.92 1.87 
0.3g 3.35 2.73 3.56 
0.5g 4.51 3.17 4.81 
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Table 5.2  Comparison of average maximum ductility demand for stiff-side members in the 
first story from inelastic dynamic analysis, code-defined static analysis, and 
proposed static analysis 
PGA 
Inelastic 
Dynamic Analysis 
Code-defined 
Static Analysis 
Proposed 
Static Analysis 
0.1g 1.34 1.51 1.46 
0.3g 2.07 1.73 2.24 
0.5g 3.85 2.31 4.20 
 
 
 In order to improve the seismic performance of the given mass-eccentric structure, it is 
recommended to the center of stiffness toward the center of mass. This can be done by increasing 
the stiffness of the lateral load-resisting members on the flexible side. Accordingly, their cross-
sectional dimensions are changed in the analytical model. Then this change is successfully 
reflected in the structural model in Revit Structure with the update command in the link interface 
ZeusNLRevitLink. The linking tool automatically finds suitable components from its own library 
and updates the corresponding structural members. This change in the structural model is 
highlighted in Figure 5.10. Also, additional information about dynamic characteristics such as 
structure periods and mode shapes is stored in the Revit database with the update tool. In order to 
evaluate the seismic performance of the new design, the structural model in Revit Structure is 
exported to ZEUS-NL again, and another analysis is carried out. The results are shown in Table 
5.3 and Table 5.4. A comparison of the results from the new and original designs proves that a 
better design is created with the proposed framework. 
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Figure 5.10  Updated structural model in Revit Structure from ZEUS-NL 
 
Table 5.3  Comparison of average maximum ductility demand for flexible-side members in 
the first story from inelastic dynamic analysis, code-defined static analysis, and 
proposed static analysis with updated design 
PGA 
Inelastic 
Dynamic Analysis 
Code-defined 
Static Analysis 
Proposed 
Static Analysis 
0.1g 1.44 1.63 1.52 
0.3g 2.36 2.26 2.49 
0.5g 3.45 2.81 3.70 
 
Table 5.4  Comparison of average maximum ductility demand for stiff-side members in the 
first story from inelastic dynamic analysis, code-defined static analysis, and 
proposed static analysis with updated design 
PGA 
Inelastic 
Dynamic Analysis 
Code-defined 
Static Analysis 
Proposed 
Static Analysis 
0.1g 1.38 1.52 1.49 
0.3g 2.18 2.01 2.34 
0.5g 3.29 2.89 3.50 
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5.6 Summary and Discussion 
 In this chapter, a concept for an integrated environment for the seismic assessment and 
design of irregular structures is introduced, and the proposed framework and its components are 
explained in detail. In order to establish the framework, structural analysis and design tools are 
determined, and an advanced bi-directional link interface and torsional response prediction tool 
are proposed. Revit Structure from Autodesk, one of the innovative Building Informational 
Modeling (BIM) software packages, is employed as the structural design tool. As the structural 
analysis tool, ZEUS-NL from Mid-America Earthquake (MAE) Center, which is known as one of 
the most advanced structural analysis packages, is selected. To achieve a seamless interaction 
between the design and analysis software packages, a robust bi-directional link interface referred 
to as ZeusNLRevitLink is developed. This interface is called “advanced” since it provides the 
functionality of exporting/updating non-structural components as well as structural ones and 
further supports various exporting/updating options for them. Also, a torsional response 
prediction tool, which can provide guidance for assessment and design that addresses damaging 
torsional effects, is developed. The feasibility of the proposed framework and its components are 
successfully evaluated and verified through the application example. 
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CHAPTER 6  
CONCLUSIONS AND FUTURE RESEARCH REQUIREMENT 
 
 
6.1 Summary of Current Work 
 In this thesis, advanced and improved seismic assessment and design guidelines for plan-
irregular structures are developed. Also, an integrated seismic assessment and design framework, 
by which more reliable and effective seismic designs for plan-irregular structures can be 
obtained, is proposed and developed. 
 To develop advanced seismic assessment guidelines, an intensive analysis of the seismic 
torsional response of reinforced concreted structures, both regular and irregular in plan, is carried 
out using detailed, three-dimensional, inelastic models and an advanced analysis tool. This study 
focuses on temporal variation of the eccentricity between the centers of mass and resistance 
during earthquake events, and evaluates seismic torsional response through it. In order to obtain 
the instantaneous location of the center of resistance in the inelastic range, a new method is 
proposed, which can evaluate the time-varying inelastic stiffness of the lateral load-resisting 
members. With the proposed method, the instantaneous locations of the center of resistance and 
eccentricity are obtained. The maxima of the instantaneous eccentricities obtained for both plan-
regular and -irregular models are shown to be higher than the design accidental eccentricities of 
5% adopted in current seismic codes; this observation implies that the current provisions could 
considerably underestimate the seismic torsional response of both plan-regular and -irregular 
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structures. Also, the maximum instantaneous eccentricities are observed to occur when one or a 
few of the lateral load-resisting members yield. These are referred to as the transient 
eccentricities in this study. In order to estimate these values analytically, a new method is 
developed and verified. Furthermore, the dynamic amplification factor, defined as the ratio of 
eccentricity demand to eccentricity supply, is computed. Additionally, the effects of torsional 
ground motion and construction materials are studied. The results suggest that torsional ground 
motion should be considered for seismic assessment of plan-irregular structures, and that 
kinematic eccentricity (introduced in this study) should be considered, particularly for reinforced 
concrete structures. 
 Based on the knowledge acquired from the inelastic dynamic analysis of plan-irregular 
structures, this study proposes an improved seismic design guideline for plan-irregular structures. 
Current seismic torsional design method is based on so-called design eccentricity. However, 
studies repeatedly report the inadequacy of the current design eccentricity values, which are 
based on the results from unrealistic models. This study improves the design method by 
providing more accurate design eccentricity values. Whereas the current design values only use 
the initial stiffness eccentricity in their calculation, which is satisfactory only for the elastic 
response range defined when the lateral load-resisting members remain intact, this study 
proposes to utilize the transient eccentricities defined when one or a few of the lateral load-
resisting members yield. In order to validate the proposed method, inelastic dynamic response-
history analysis, equivalent lateral force analysis with code-defined eccentricities, and proposed 
static analysis with transient eccentricities are carried out. By comparing their results, it is proved 
that the proposed method is more accurate and effective than the code-defined one. 
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 Finally, this study proposes and develops an integrated seismic assessment and design 
framework for plan-irregular structures. The traditional structural design process requires manual 
effort to keep the design and analysis processes in sync. In order to overcome this inherent 
deficiency in the traditional design process, this study introduces the concept of an integrated 
analysis and design environment. Accordingly, an integrated seismic assessment and design 
framework for plan-irregular structures is proposed. This framework is established by linking 
structural design and analysis software with an advanced bi-directional link interface, and by 
developing a torsional response prediction tool. As the structural design and analysis tools, Revit 
Structure from Autodesk, one of the innovative Building Informational Modeling (BIM) 
software packages, and ZEUS-NL from Mid-America Earthquake (MAE) Center, one of the most 
advanced structural analysis packages, are chosen. To communicate between them, an advanced 
bi-directional link interface, referred to as ZeusNLRevitLink, is developed. This module transfers 
data in both directions without any loss of information, and further provides the functionality of 
exporting and updating both structural and non-structural components with various options. 
Additionally, a torsional response prediction tool is developed, which aids the seismic 
assessment and design of plan-irregular structures. The proposed framework and developed tools 
are successfully verified through a pilot application example. With the proposed framework, 
more reliable seismic torsional designs for plan-irregular structures can be created. 
 In general, this research promotes a deeper understating of inelastic seismic response of 
plan-irregular structures and contributes to the development of improved seismic torsional design 
method for plan-irregular structures. 
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6.2 Future Research Requirements 
Some ideas for needed future research include the following: 
 This study developed a new approach for investigating the inelastic seismic response of 
plan-irregular structures. To comprehensively understand the inelastic torsional response, 
further studies are required with the proposed method. 
 The present study was conducted with one-, three- and five-story reinforced concrete 
frames. Further research is needed with a larger sampling of structures including high-
rise buildings. 
 In this study, structures were subjected to the horizontal and rotational components of 
earthquake ground motion. The effect of vertical ground motion on the kinematic 
eccentricity might be significant, since the lateral stiffness of reinforced concrete columns 
can vary considerably when subjected to vertical earthquakes. Further research is 
required to consider the vertical as well as horizontal and rotational components. 
 Further studies are required to comprehensively characterize the effects of torsional 
response and mitigation measures to reduce damage in future earthquakes through design 
and retrofitting. For example, fragility relationships used in impact assessment should 
include the effects of torsional response even for symmetric reinforced concrete 
structures, as evidenced by the results presented in this study. 
 Future research is needed to investigate the inelastic torsional response of vertically 
irregular structures. 
 This study developed an improved seismic design method mainly for plan-irregular 
structures. Future research is needed to develop a more advanced torsional design method 
for both horizontally and vertically irregular structures. 
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 The developed integrated seismic assessment and design framework was verified with a 
simple pilot example. Further verification effort is required with more complicated 
examples. 
 Based on the developed application, future research is needed to develop automatic 
expert systems-type software, which can detect, predict, reduce, and adjust the torsional 
imbalance automatically. 
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